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INTRODUCTION 


Following the discovery that the re- 
gression of a transplanted tumor pro- 
duces a partial or complete immunity to 
a second transplant of the same tumor, 
there were humerous attempts to pro- 
duce a similar immunity by the injec- 
tion of nonliving tumor substance. 
While many of these attempts met with 
failure, there have now been reported a 
number of cases of definite success. 
Curiously enough, besides the cases in 
which immunity has been obtained, 
there are also cases in which the injec- 
tion of tumor extracts prior to the in- 
oculation of living tissue has resulted 
in a stimulation in the growth of the 
transplanted tumor. 

The literature has been reviewed by 
Wogloum (7) and Spencer (2). The 
following summary is confined to cases 
in which the injection of nonliving 
tumor substance has inhibited or stimu- 
lated the growth of subsequently inocu- 
lated living tumor, special emphasis be- 
ing placed on papers published after 
the date of Woglom’s review. The ma- 
terial is grouped by the animal used, 
the work with mice, rats, and rabbits 
being presented in that order. 

There is one possible source of con- 
fusion in summarizing published re- 
silts, namely, the fact that authors do 
not always distinguish clearly between 
ttmor transplants that are entirely 
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negative (negative transplants), trans- 
plants that grow and then regress (re- 
gressions), and transplants that grow 
progressively and kill the animal ( posi- 
tive transplants). Results will be sum- 
marized under these three headings 
when possible; when the author uses an 
ambiguous word such as “takes,” the 
author’s own language will be adopted. 


STUDIES WITH MICE 


Bridré (2) increased the percentage 
of mice negative to a tumor of rather 
low virulence by a single prior injection 
of tumor tissue dried over sulfuric acid 


and resuspended in saline. Fifteen of 
twenty test animals, and 11 of 24 con- 
trols were negative. Slightly more 
definite results were obtained by giving 
1 to 3 prior injections of a tumor ex- 
tract prepared by grinding tumor 
tissues, diluting slightly, and heating 
for 25 minutes at 55° C. The test 
inoculation was given 32 to 34 days 
after the first injection. All 14 test 
animals, and 9 of 20 controls were 
negative. 

Koenigsfeld (4) prepared an extract 
by drying tissue from tumors IIla and 
V ina vacuum apparatus, grinding, and 
resuspending in saline. Five series of 
25 to 50 mice each, with controls, were 

'This study was aided by grants to the Roscoe 
B. Jackson Memorial Laboratory from the National 


Cancer Institute and the International Cancer 
Research Foundation. 
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given 4 to 8 injections, usually intra- 
peritoneal, ranging from 2 to 35 mg. of 
dried tissue per injection, and were then 
moculated with living tumor. All 
series showed poorer tumor growth in 
the injected animals, but the results 
were disturbed in most cases by a high 
mortality during the injections. In 
series IV, due apparently to a wider 
spacing of the injections (8 injections 
increasing from 2 to 35 mg. over a 
period of 56 days, with inoculation 5 
days after the last injection), only 2 of 
48 mice were lost. At 54 days after the 
inoculation, 31 of the 46 surviving test 
mice were dead, 10 were alive with large 
tumors, and 5 with small tumors. The 
controls, as usual, were all positive (10 
inoculated, 10 dead). 

Kepinow (4), using a tumor which 
usually gave 100-percent takes in white 
mice, reported immunity following the 
injection of an extract of boiled tissue. 
Treated mice received 3 intraperitoneal 
injections of 1 ce. each, of boiled tumor 
tissue stored prior to use in physio- 
logic salt solution plus toluol, at 3-day 
intervals, and an inoculation of living 
tumor several days after the last injec- 
tion. All 25 controls grew large tumors. 
In most of 25 test mice, the tumors were 
the size of a pea or smaller, in about 20 
percent they were larger but never 
reached the size attained in the control. 

Tizzoni and De Angelis (6,7,8) pro- 
duced a partial immunity to Ehrlich’s 
mouse carcinoma with a single prior in- 
jection of cells of the tumor killed with 
phenol or formol. Controls of the 
strain used were regularly killed by this 
tumor in 25 to 35 days. Of 26 mice in- 
jected with macerated tissue treated 
with 0.5 percent phenol (optimum dura- 
tion of treatment, 24 hours), 7 survived 
subsequent inoculation of the tumor, 
and 13 others showed definite protec- 
tion. Of 22 mice injected with macer- 
ated tissued treated with 3 parts of 2.5 
percent formol in saline, 7 survived, and 
an additional 5 showed retarded tumor 
growth as compared with the controls. 
It was found that macerated tissues 
stored with formol in the refrigerator 
for 15 days gave maximum protection. 


Immunity was stated to be evident by 
11 days after the immunizing injectioi 
and to persist for at least 4 months. 

Fardon (2) found that 1 subcutaneou 
injection of 0.5 cc. of a filtered, cell-free 
embryo extract given 7 days prior t 
inoculation with mouse carcinoma 6: 
(strain of mouse not stated) reduce 
the percentage of takes from 97 fo 
the controls (36 mice) to 57 for the tes 
group (36 mice). For the same extrac 
after 12 hours’ storage in the ice chest 
the percentages were: controls, 97 (3 
mice) ; and test, 75 (36 mice). A pr 
tein fraction prepared by precipitatio 
with 50 percent alcohol gave the follow 
ing: controls, 57 percent (36 mice): 
test, 95 percent (36 mice) ; and test in 
repeat experiment, 75 percent (36 mice 
Thus an enhancing rather than an in- 
hibiting effect was apparently pro- 
duced. 

Domagk and Hackmann (10) used an 
extract of Ehrlich’s mouse carcinoma 
prepared by grinding in 10 parts of 
water, centrifuging for one-half hour 
at 3,000 r. p. m., and filtering throug! 
an “Entkeimungsfilter.” In some cases. 
the tissue was frozen and thawed before 
grinding. The sterile, cell-free extract 
was freshly prepared for each injection. 
In a typical experiment, 6 albino mice 
were given 5 subcutaneous injections 
ranging from 0.1 to 0.6 cc. at intervals 
of 1 to several days and were inoculated 
10 days after the last injection. At 38 
days, 5 of the mice were negative, and 
1 had a tumor. Ten controls all had 
tumors. With fewer injections, the in- 
hibition was less pronounced. The im- 
munity was shown to persist for at leas 
3 weeks after the last injection. <A tes 
of the effect of storage indicated th: 
the extract remained effective after 
day at 0° C. but was partly inactivat: 
after 8 days at 18° or 1 day at 37 
Three injections of the albuminous p: 
cipitate obtained by passing carbon « 
oxide through the cell-free extra 
largely inhibited the growth of subs 
quently inoculated tumors; the sup 
natant similarly injected produced litt 
effect in one experiment but caused 
hibition in a second. Extracts of n 
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mal mouse liver and lung proved active, 
though less so than the tumor extract. 
Both normal and tumor extracts, but 
particularly the latter, produced stimu- 
lation of tumor growth when injected 
in large doses into mice already carry- 
ing a transplant. 

Dittmar (77) repeated Domagk and 
Hackmann’s experiments with confirm- 
atory results and added some evidence 
that the inhibitory effect was specific. 
Prior injection of extract of Jensen’s 
rat sarcoma, and in one case of extract 
of a mouse sarcoma, failed to inhibit 
the growth of subsequently inoculated 
Ehrlich’s carcinoma. 

MacDowell et al. (72) used strain 
C58 mice, and the fraction of line I 
leukemic cells which was sedimented 
with a high-speed centrifuge (prepared 
by Dr. Claude; see Claude (13)). Of 
20 mice given 1 injection 10 days prior 
to inoculation with the tumor, 1 sur- 
vived; of 20 mice given 3 injections, 
the last 10 days prior to inoculation, 7 
survived. All controls, 20 and 19, re- 
spectively, died, as is invariably the 
case with thistumor. This experiment 
s noteworthy in two respects: (1) It 
is the only experiment of this type so 
far described in which inbred mice 
were used; and (2) it is unusual among 
tumor-immunity experiments in that 
the leukemia employed originated in 
the strain immunized (strain C58). 
In regard to this second point, how- 
ever, it should be noted that strain C58 
can be immunized to line I leukemia 
by repeated injections of living cells, 
provided the first doses are very small 

14). 
Haaland (75) found that mice in- 
jected with a fluid prepared from 
mouse carcinoma 63 by grinding the 
tumor cells for 114 hours at the tem- 
perature of liquid air, or in a mortar 
packed in ice and salt, showed not im- 
inunity, but increased sensitivity to sub- 
sequent inoculation of the living tumor. 
Since the frozen and ground inoculum 

roduced no tumor, it was presumed to 
he free from living cells. The inocula- 
tion of living tissue was made 10 to 30 
‘ays following 1 injection of this ma- 


terial in doses ranging from 0.025 to 0.5 
ce. In 1 experiment, all 10 test mice 
showed tumors, the mean weight of 
which at about 32 days was 3.37 gm.; 
8 of 10 control mice showed tumors, the 
mean weight of which was 2.03 gm. 
Similar results were obtained in a num- 
ber of other experiments. A fluid ex- 
tracted from carcinoma 63 with a tissue 
press also produced hypersensitivity, 

Leitch (7/6), using carcinoma 63, but 
a strain of mice somewhat more resist- 
ant than that employed by Haaland, 
obtained similar but more pronounced 
results. Leitch’s extract for injection 
was prepared by grinding the tumor 
with sand, shaking in saline, storing in 
a cold chamber for 2 days, decanting the 
supernatant, and storing at the freezing 
point until used. 

Bisceglie (17) produced enhanced 
growth of Speyerhaus’s mouse adeno- 
carcinoma by giving four subcutaneous 
injections of 0.25 cc. each on alternate 
days, of a cell-free, Berkefeld-Kerze 
filtrate of the tumor 10 days prior to 
inoculation with the living tissue. Ina 
typical experiment, five treated mice 
were all dead with large tumors 30 days 
after inoculation, while the controls 
still had small tumors. The extract also 
stimulated growth of the tumor in vitro, 

Favilli (78) found that a series of 
14-20 injections of 0.5 cc. each of a 5- 
percent solution of sodium caseinate 
(Kalbaum), all or part of them given 
before tumor inoculation, stimulated 
the growth of Ehrlich’s mouse car- 
cinoma. 

Bertolotto (79). using three injec- 
tions of 3 mg. each, of nucleoproteins 
prepared from mouse carcinomas and 
from the normal and cancerous tissues 
of other species by successive extraction 
with 0.25 percent bicarbonate of soda 
followed by precipitation with acetic 
acid, produced increased growth of 
Ehrlich’s mouse carcinoma inoculated 2 
days after the last injection. The effect 
though consistent was slight, and the 
difference between the test and control 
animals tended to disappear after the 
tenth or twelfth day. Ina small experi- 
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ment with the nucleoprotein B ( Bolaffi), 
an opposite effect was observed. 

Casey (20, 27) prepared an “enhane- 
ing material” or “XYZ” substance by 
anaerobically refrigerating tumor tis- 
sue 14-60 days at 24° F., mincing and 
grinding, and emulsifying in 10 parts 
of saline. Mice were given 1 subcuta- 
neous injection of 0.1 to 0.5 ec. and were 
inoculated 12-18 days later. As indi- 
cated by percent takes and mean volume 
of tumors at 20-28 days, Bashford tu- 
mor XYZ substance enhanced the 
growth of the Bashford tumor in R. I. 
or Swiss mice (mean volume in tests, 
3.2 ¢cc.: in controls, 18 ce.)., and 
sarcoma-180 substance enhanced the 
growth of sarcoma 180 (tests, 1.42 cc.; 
controls, 0.43 cc.). The effect was spe- 
cific: no stimulation and in some cases 
possibly slight inhibition were pro- 


duced by Brown-Pearce rabbit-tumor 
extract on Bashford tumor, by 180 ex- 
tract on mouse sarcoma 37 and mouse 
carcinoma 63, and by carcinoma-63 ex- 
tract on carcinoma 48, 

Putnoky 


and Hary (22), using a 
strain of Ehrlich’s mouse carcinoma 
carried for many generations in rats, 
found evidence of enhanced growth of 
the tumor in rats, which 10 days prior 
to inoculation had been given a single 
subcutaneous injection of a tumor emul- 
sion prepared by grinding in saline and 
incubating for 1 hour at 56° C. on 2 
successive days. Incubation at 70° or 
100° seemed to reduce the effect. 


STUDIES WITH RATS 


Apparently the first studies of a tu- 
mor-stimulating substance were made 
by Flexner and Jobling with the rat 
(23-25). These authors found that the 
number of positive transplants of a rat 
sarcoma Was increased if the rats were 
given a prior injection of tumor cells, 
in saline, heated for 14 hour at 56° C. 
Two or three injections seemed to be 
more effective than one. The effect per- 
sisted without marked decrease for 20 
or 30 days after the last injection. 

Chambers and Scott (26, 27) found 
an enhancing effect of an extract of 


Jensen's rat sarcoma on the growth of 
the tumor. In a typical experiment, 
tumor tissue was ground, washed re- 
peatedly with N saline and then with 
N/20 hydrochloric acid in saline, and 
the solid residue was suspended in N /20 
hydrochloric acid. This was incubated 
for 3 hours at 37° C., neutralized, and 
centrifuged, and the clear supernatant 
was used for injection. Eighteen rats 
were given | cc. each subcutaneously and 
inoculated with living tumor 7 days 
later, together with 24 controls. The 
tumors averaged 17.5 cc, at 21 days in 
the test animals, and 6.7 ec. in the con- 
trols. Other experiments showed that 
heating the fluid did not destroy its 
stimulating properties and that a potent 
extract could be obtained when the in- 
cubation at 37° was carried out for 1s 
hours in the absence of oxygen. 

Scott and co-workers also studied an 
inhibiting extract obtained from the 
Jensen rat sarcoma. There is some 
doubt as to the significance of thei 
earlier experiments (28) in that the 
extracts used, although aged and other 
wise treated to the point where they pro 
duce no detectable tumors, were not cell 
free. However, in a recent paper (27). 
they reported that the ooze squeezed 
with a clamp from a regressing tumot 
on a living rat under anesthesia, when 
injected subcutaneously, reduced the 
growth of subsequently inoculated liv 
ing sarcoma cells. The ooze was 
squeezed through the sterilized skin anc 
was cell-free. Nineteen test rats 
showed a mean tumor volume of 18.7 
cc. as against 75.4 ce. for the controls. 
If the tumors from which the extract 
was obtained were growing instead of 
regressing, the extract was stimulating 
Extracts from X-rayed tumors were 1 
hibiting or without effect, according a 
the tumor was regressing or not r 
gressing. 

Sugiura and Benedict (3) reporte 
immunity following injection of Sug 
ura rat-carcinoma cells heated to 46 
for 30 minutes, but the evidence th 
this treatment kills all cells seems 1) 
conclusive. 











STUDIES WITH RABBITS 


Casey (3/-37), in a series of studies 
with rabbits. showed that an “enhancing 
material” or “XYZ” substance could 
be obtained from the Brown-Pearce 
tumor by storing tumor tissue at 24° to 
32° F. for 10 to 90 days and then 
grinding in saline. In some experi- 
ments, the tumor was embedded in 
paraffin during storage. Extracts of 
tissue stored up to 16 days would some- 
times give rise to tumors, but longer 
storage apparently killed all cells. The 
active substance Was shown to pass 
through a Berkefeld V filter, one intra- 
testicular injection of the filtrate given 
2 weeks prior to inoculation of living 
Brown-Pearce tumor cells causing a 64- 
percent increase in volume of the test 
tumors as compared with the volume in 
the controls, and a higher percentage of 
positive animals. Desiccated material 
Was stated also to be active, but extracts 
of fresh tumor either lacked the en- 
hancing substance or contained in addi- 
tion some other substance which coun- 
teracted it. (No data were given on 
these last two points.) 

Dmochowski (38), using serums of 
two rabbits injected with unheated 
extract of Brown-Pearce tumor and of 
two others injected with boiled extract 
of the tumor, found complement fixation 
in combination with the two extracts. 
While all four serums reacted alike with 
respect to the boiled and unboiled tumor 
extracts, they could be differentiated by 
their behavior in combination with 
boiled and unboiled extracts of rabbit 
pus. 

Kidd and co-workers (39-417) studied 
by complement-fixation methods certain 
antigens present in the Brown-Pearce 
carcinoma and other rabbit tumors. In 
most cases the serums employed were 
produced by the regression of tumor 
transplants, but in 1 group of experi- 
ments complement-fixing serums were 
produced by the injection of tumor ex- 
tracts. The Brown-Pearce tissue, pre- 
viously stored at —22° C., often for sev- 
‘ral months. was ground in 9 volumes 
if dilute phosphate buffer, centrifuged 
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at 4400 r. p. m., the supernatant cen- 
trifuged again at 4.400 r. p. m., and the 
final supernatant used for injection. 
The extract thus prepared was free from 
visible cells and did not give rise to 
tumors. Ina few cases a third centrif- 
ugation at 25,000 r. p. m. was added, 
the sediment being used in these cases. 
“Bluecross” rabbits were given 3 or 4 
intraperitoneal injections over a period 
of 9 to 13 days and bled 7 or 8 days after 
the last injection. The serums were 
tested by complement fixation against 
Brown-Pearce and normal tissue ex- 
tracts. Of 16 serums, + were positive 
with both types of extract, 5 with 
Brown-Pearce extracts only, 6 with 
neither, and | was negative with Brown- 
Pearce extract but gave a + reaction 
with normal tissue. Four control se- 
rums were entirely negative. From these 
and other more extensive experiments, 
Kidd concluded that at least 2 types of 
induced antibodies are concerned : 1 that. 
reacts with Brown-Pearce antigen only, 
and 1 that reacts with both Brown- 
Pearce- and normal-tissue antigens. 
The Brown-Pearce (and /or the normal- 
tissue antigen?) has been characterized 
by a variety of tests. It shows a large 
and nearly uniform particle size and 
weight, it is sedimented by centrifuga- 
tion for 1 hour at 20,000 r. p. m., it does 
not pass through Berkefeld V and W 
candles or single Seitz disks, it passes 
through collodium membranes of 383 
Mp average pore diameter but not of 
348 mu, it survives heating to 60° but 
not to 65° C., and it is rapidly inacti- 
vated by alcohol. The normal-tissue 
antigen is present in Brown-Pearce 
tumor tissue as well as in normal tissue 
and possesses certain physical charae- 
teristics in common with the Brown- 
Pearce antigen although distinct sero- 
logically? The existence of a third 
antigen not sedimentable at 25,000 r. p. 
m. is suggested by the fact that serums 
of rabbits with the Kato sarcoma re- 
acted with the supernatant fluid of sev- 
eral normal and neoplastic tissues, as 
well as with the sediment. 


2 Personal communication. 
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Kidd and co-workers found that 
strain differences are important in de- 
termining the capacity of rabbits to 
wroduce the various antibodies. Fifty 
Jutch, chinchilla, and agouti hybrid 
rabbits injected with cell-free saline ex- 
tracts failed to produce the antibodies 
produced by 9 of 16 blue-cross rab- 
bits as described previously. However, 
the serums of several agouti rabbits 
with growing Brown- Pearce tumors 
gave strong reactions with kidney 
and Brown-Pearce extracts. Different 
agouti and blue-cross rabbits reacted 
very differently. 

Blue-cross rabbits which had devel- 
oped the Brown-Pearce antibody in re- 
sponse to injections of the antigen were 
regularly negative to inoculations of 
the tumor. On the other hand, those 
rabbits that failed to develop the anti- 
body following treatment showed vary- 
ing degrees of growth, ranging from 
small masses that soon regressed to pro- 
gressively growing and metastasizing 
tumors. The presence of the Brown- 
Pearce antibody did not inhibit the 
growth of the V2 carcinoma or of rabbit 
sarcoma I (42). 

In vitro tests showed that if Brown- 
Pearce cells were mixed with positive 
serums and incubated for 2 or 3 hours 
before inoculation, growth was inhib- 
ited (42, 43). 

While previously induced Brown- 
Pearce antibodies thus regularly inhib- 
ited the growth of the Brown-Pearce 
tumor, the growth of this and other 
tumors (V2 carcinoma and sarcoma I) 
in previously untreated rabbits showed 
little relation to the titer of complement- 
fixing antibodies developed following 
tumor inoculation. Thus rabbits not 
treated prior to receiving tumor im- 
phints sometimes regressed the tumor 
even though no antibodies developed, 
and in other cases grew the tumor de- 
spite the appearance of antibodies in 
high titer (39). 

Jacobs and Houghton (44), in repeat- 
ing some of Kidd's experiments, ob- 
tained negative or inconclusive results. 
but. Kidd points out that these authors 
did not use blue-cross rabbits. 


EXPERIMENTAL PROCEDURE 

Tumors for injection were prepared 
by freezing-drying or lyophilization. 
The tumors were cut in small pieces, 
sealed in a freezing-drying apparatus, 
frozen with salt and ice at a tempera- 
ture of —10° to —15° C., and dried 
overnight with a desiccant (Drierite) 
under vacuum. The tissue was — 
in a mortar, further dried for a ds ay « 
more in a desiccator under omen, 
weighed out into tubes, which were 
sealed, and stored in a refrigerator. 
In some cases the tubes were sealed in 
vacuum. For injection, the dried tis- 
sue was mixed in a mortar either with 
Locke’s solution in the proportion 100 
mg. tissue to 4.4 cc. solution, or with 
mineral oil and Locke’s solution in the 
proportion 100 mg. tissue, 0.4 ce. min- 
eral oil, and 2.0 cc. solution. 

The tumors used were C1498, a C57 
black subline 6 myeloid leukemia, 
which gives fair-sized subcutaneous 
masses when inoculated with a trocai 
in the axillary region; L946ATT, a bone 
fibrosarcoma also of C57 black subline 
6 origin; and 15091a, an A strain mam 
mary carcinoma. 

The strains of mice used were C57 
brown subline A, C57 black subline 6. 
B alb C, an F, hybrid between a Swiss 
stock and the B alb C, and the C57 
leaden. All strains except the Swiss 
are highly inbred. 

Because immunologic experiments 
with mice have shown that antibod) 
titer is increased by the use of numer 
ous small injec tions of antigen (45, 46) 
mice receiving the lyophilized tumo. 
tissues in Locke’s solution were give! 
int raperitoneal injections of 0.2 cc. 01 
3 consecutive days followed by 4 days 
rest, this schedule being repeated unt 
” injections had been given. In a fe) 

-ases, the injection dose was double: 
for the last 3 to 6 days. Mice receiy 
ing tissues in oil and Locke’s solutio 
were given 7 injections at weekly inte 
vals, 4 or 5 of them being subcutaneo 
injections of 0.2 ce. of the oil-Locke’ 
tissue and the remainder (becau: 
the oil = persistent wiles 
intraperitoneal or subeutaneous inje 
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ions of the same amount of dry tissue 
n Locke’s solution alone. Controls for 
his series were each given 7 weekly 
ubcutaneous injections of 0.04 ce. oil. 
\ll mice were between 7 and 10 weeks 
ld at the time injections were started. 
A small “healthy” piece of the same 
ne of tumor previously injected was 
mplanted by the trocar method in the 
ight axilla 8 to 12 days after the last 
jection. Controls were inoculated at 
he same time and with pieces of the 
ame fresh tumor. 
Rigid cleanliness was maintained 
iroughout in the preparation and 
andling of tumors and extracts, but no 
ttempt was made to achieve complete 
sepsis. 
Inoculated mice were examined twice 
week; and where tumors had devel- 
oped, their outlines were sketched. No 
istrumental measurements of the 
tumors were made, but all observations 
of tumor growth were made by only 
one of the authors so that such varia- 
tion as might be introduced by different 
observers was ruled out. 
Animals that regressed the tumor anid 
those that were negative were reinocu- 
lated. 


TABLE 1. 


RESULTS 


In the first group of experiments, 15 
C57 browns, 18 C57 blacks, and 19 B alb 
( mice were injected with lyophilized A 
strain carcinoma 15091la in Locke's 
solution; 9 C57 blacks and 10 B alb C 
with lyophilized 15091a in oil and the 
solution; 20 Swiss X B alb C with 
lyophilized C57 black strain sarcoma 
L946AI1T in Locke’s solution; 10 Swiss 
x Balb C with lyophilized L946AIT in 
oil and the solution ; and 18 C57 leadens 
with lyophilized C57 black strain mye- 
loid leukemia C1498 in Locke’s solution. 
(These figures do not include 7 mice 
that died during the course of the 
injections. Also excluded are 2 mice, 1 
test and 1 control, that died, after tumor 
inoculation, from causes other than 
tumor growth.) The injections of C57 


browns with 15091a and of C57 leadens 
with C1498 were repeated at a later 
late, 10 and 6 mice, respectively, being 
The results of inoculating these 
injected animals and of comparable 
groups of controls, each with living 
tumor of the same line used for injec- 


used. 


tions, are shown in table 1 and figures 
1 to 4. 


Injected and control mice in which tumor transplants were negative, regressed, or positive 





Injections 


Experiment 
No. 
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Num- 
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Figure 2.—Development of A strain cal 
noma 15091a in untreated C57 brown mice; 
control to tumors shown in figure 1. 
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Figure 1.—Development of A strain carci- 
noma 15091la in C57 brown mice given 21 
prior injections of lyophilized 15091a. 
First observation 1 week after tumor in- 
oculation. Growth of the tumor is en- 
hanced. 
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TWICE WEEKLY OBSERVATIONS 
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Ficure 3.—Development of C57 black strain 
myeloid leukemia C1498 in C57 leaden mice 
given 21 prior injections of lyophilized 
(1498. First observation 4 days after tu- 
mor inoculation. Growth of the tumor is 
nhibited. 


In table 1 the regressions are classed 
under three hearings according to the 
maximum size attained as indicated by 
the outline sketches made at semiweekly 
intervals. Grade 1 includes tumors of 
not more than 5 mm. average diameter, 
grade 2 those of not more than 8 mm. 
average diameter, and grade 3 all 
larger tumors which ultimately re- 
gressed, 

Che prior injection of strain A 
‘arcinoma 15091la produced in all cases 
a \ery pronounced stimulation of tumor 
growth. In the C57 browns, 100 per- 
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FieurE 4.—Development of C57 black strain 
myeloid leukemia C1498 in untreated C57 
leaden mice; control to tumors shown in 
figure 3. 


cent of the test animals were positive 
(killed by the tumor), and only 3.7 
percent of the controls were positive. 
For the C57 blacks, the figures are 92.7 
and 3.0 percent, and for the B alb C, 
65.5 and 3.3 percent, respectively. 
There was a slight stimulation pro- 
duced by prior injection of lyophilized 
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C57 black sarcoma L946AIT. In this 
case, 53.4 percent of the (Swiss < B alb 
C)F, test mice and 21.4 percent of the 
controls were positive. 

The prior injection of lyophilized 
strain C57 black leukemia C1498 pro- 
duced an inhibition. Thus 54.1 percent 
of the C57 leaden test animals were 
negative (no growth) as compared with 
‘) percent of the controls. More signifi- 
cant is the maximum size attained by 
the tumors before regression (figs. 3 and 
4). When the size of each tumor was 
measured by the average of the largest 
and the smallest diameter of the outline 
drawing made at the point of maximum 
development, the a maximum tu- 
mor diameter for the test animals was 
found to be 1.6 mm., and for the controls 
13.4 mm. The difference is more than 
eight times the standard error of the 
difference and hence undoubtedly sig- 
nificant. 

The two systems of injection used 
(21 injections of lyophilized tumor in 
Locke’s solution and 7 injections of 
lyophilized tumor in oil and Locke’s 
solution) gave closely similar results. 

Experiments 2 and 7, which were 


repetitions of experiments 1 and 6, re- 
spectively, indicate that the results are 


reproducible. It should be noted, 
however, that in experiment 7, the repe- 
tition of injections of strain C57 black 
leukemia C1498, the mean maximum 
tumor diameter is 3.8 and 11.2 mm. for 
test and control, respectively, as com- 
pared with 1.6 and 13.4 mm. for the 
original experiment. The reduced 
effect in the test animals of the second 
experiment is possibly significant, and 
if so May mean that minor fluctuations 
in the technique will have an influence 
on the results obtained in future 
experiments, 

The results of reinoculating surviving 
animals of experiments 4, 5, and 7 are 
shown in table 2. Fifty-four out of a 
total of sixty- four reinocul: ations were 
he gative or gave regressions of 2r ade 
1. However, in the case of experiment 
4. four test and five control reinocula- 
tions were positive and one test reinocu- 
lation yielded a regression of grade 3. 


TaBLe 2.—Repeat tumor inoculation 
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DISCUSSION 


The authors would like to emphasiz 
at the start that they do not regard 
experiments in tumor immunity as hay 
ing any but the most remote bearing on 
problems of cancer prevention or can 
cer therapy. This is because tumor im 
munity is essentially a reaction to for 
eign tissue, and a spontaneous tumor is 
not a foreign tissue. While in the case 
of one highly specialized cell, namely, 
the spermatozoon (46), animals can 
form antibodies against their own pro 
teins, there is no satisfactory evidence 
that this has any parallel in tumor phe 
nomena. The three cases (7.2, 47, 48) 
known to the writers in which immu- 
nity was produced 1 in an adequately in 
bred strain (30-40 or more generations 
of brother-to-sister matings) are prob 
ably to be explained as the result of 
differentiation of either tumor or stock 
due to mutation. Haldane (4 9) (see 
also Russell (50) ) states: “* . W 
may expect that as a result of seaiiae 
most members of a mammalian pu 
line will be heterozygous for at lea 
one gene.” It necessarily follows th: 
any pure stock is slowly but consistent! 
undergoing minor changes in its genet 
constitution. It is noteworthy that 
two of the investigations cited, the t 
mor employed originated many tra! 
plant generations prior to the demo 
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stration that it could evoke immunity in 
the strain of origin.* 

While studies in tumor immunity are 
not likely to lead to results of immediate 
clinical value, they are of great theo- 
retical interest in connection with the 
general problem of tissue specificity. 
There is also good reason to believe that 
they may serve as a research tool in 
studies of cellular chemistry. (See for 
example Kidd (47) and Friedenwald 
and Kidd (39).) It is in this light that 
the authors prefer to view them. 

Perhaps the most striking fact 
brought out by a review of the litera- 
ture on the induction of immunity by 
the injection of killed tissues is the di- 
versity of the methods and the results. 
This is most clearly seen and best es- 
tablished in the case of studies with the 
Brown-Pearce and other rabbit tumors. 
Casey (20, 21, 32-37) was able to pre- 
pare an, “enhancing material” from the 
Brown-Pearce tumor. Kidd on the 


other hand found evidence for the ex- 
istence of Brown-Pearce- and normal- 
tissue antigens which would evoke com- 
plement-fixing 


antibodies when in- 
jected into some rabbits, but not into 
others. The Kato sarcoma probably 
contained a third antigen with quite 
different characteristics. The titer of 
the corresponding antibodies showed 
little if any relation to the growth or 
failure to grow of the various trans- 
planted tumors employed. Hence the 
phenomenon of tissue specificity in this 
ase would seem to depend entirely or 
n part on a different substance or 
croup of substances. Kidd's studies 
further serve to emphasize the variety 
if the results obtainable by using dif- 


Since the present article was written, the de- 
cription of a fourth case has appeared (Apteck- 
ian, VP. M., Louis, M. R., and King, K. D.: A 
iethod of producing in inbred albino rats a high 
erecentage of immunity from tumors native in 
heir strain. J. Immunology, 52: 77-85 (1946)). 
nother recent paper (Cavelti, P. A.: Auto wnti 
«lies in rheumatic fever. Proc. Soc. Exper. Biol. 
Med., 60: 379-381 (1945)), reporting the prob- 
ble presence of autoantibodies to human heart in 
uman patients with acute rheumatic fever, makes 
mewhat more plausible the concept that true 
itoantibodies to a tumor can be produced Nev 
rtheless, the fact remains that, because of the in 
erent nature of the genetic situation, the existence 
f genetic differences between tumor and host seems 
ie more probable explanation of these four cases 
f immunity in an inbred strain to a tumor origi- 
ting in that strain. 
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ferent strains of animals. Dmochow- 
ski (38) found evidence for an antigen 
in the Brown-Pearce tumor which, un- 
like those studied by Kidd, was not 
destroyed by boiling. 

The work here reported shows for the 
first time that the difference between 
stimulation and inhibition of trans- 
planted tumors following injection of 
nonliving tumor material may be, in 
some instances at least, solely a matter 
of the tumor and stocks employed. C57 
black tumor C1498 in the C57 leaden 
stocks was inhibited, and A strain tu- 
mor 15091a in the C57 brown stock was 
stimulated, following identical prior 
treatment with tumor tissues identically 
prepared. On the other hand, both 
stimulating and inhibiting substances 
have been extracted from the Brown- 
Pearce tumor, and the unusual method 
of extraction employed by Scott yields 
stimulating or inhibiting substances ac- 
cordingly as the tumor is growing or 
regressing. 

It is worthy of note that the inhibit- 
ing substance present in C57 black leu- 
kemia C1498 cannot correspond to the 
mouse blood-group antigens I, 11, or IIT 
distinguished by Gorer ()/—2), since 
all these antigens are lacking in the C57 
black stock in which leukemia C1498 
originated. However, it may corre- 
spond to Gorer’s antigen IV since this 
antigen is present in the C57 black 
stock. 

The diversity of the results just noted 
is probably to be explained by the com- 
plexity of the genetic basis of tissue 
specificity. The results in this field 
have been reviewed by Bittner (54) and 
Little (55). These results do not per- 
mit a precise estimation of the number 
of loci involved. (The term “loci” is 
used rather than “genes” in order to 
rule out multiple alleles. Since at any 
given locus there are usually a number 
of possible mutant genes, the total num- 
ber of genes is ordinarily several times 
greater than the number of loci.) 
However, there is reason to believe that 
the total number of loci certainly ex- 
ceeds 10 and is probably less than 30, 
and the most probable estimate would 
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appear to be in the neighborhood of 16 
or 20. It is possible that some of the 
genes are minor genes in the sense that 
whereas a mouse homozygous for the 
recessive allele of a major gene would 
be practically 100-percent resistant to 
a tumor carrying the dominant allele, a 
mouse homozygous for the recessive al- 
lele of a minor gene would grow such 
a tumor in an appreciable proportion 
Evidence for those state- 
ments will be presented elsewhere. If 
this view is correct, it is apparent that 
the number of loci concerned is much 
greater than in the closely analogous 
case of the human blood groups where 
there seems to be clear evidence for mu- 
tations at only about 4 loci. It seems 
probable that these loci in mice act to 
induce an Immune reaction to a trans- 
planted tumor by producing some sub- 
stance not produced by the particular 
allele carried by the host. There is no 
reason to suppose that the number of 
such substances exceeds the number of 
genes concerned. On the other hand, 
it may be less, in that a number of loci 
may “collaborate” to produce a single 


of cases. 


end product as they apparently do in 
the case of the hair pigments in mam- 


mals. Yet it would appear that both 
genetic theory and the results of im- 
munity experiments point to a more 
complex chemical basis for the phenom- 
enon of tissue specificity than seems 
generally to have been assumed. 

If this view is correct, it would seem 
that a complete unraveling of this basis 
will be difficult or impossible if ordi- 
nary noninbred stocks of animals are 
used. Even the use of the inbred 
stocks at present available will not go 
very far towards helping to separate 
and distinguish the different genes in- 
volved and the substances which they 
synthesize. With this in mind, meth- 
ods have been developed for producing 
special inbred stocks identical with 
standard stocks now available except 
that each stock will be differentiated by 
carrying a recessive allele of some one 
of the loci concerned with tissue speci- 
ficity. When tumor-immunity experi- 
ments are carried out with such stocks, 


there will be a strong presumption that 
the inhibiting or stimulating effect pro- 
duced by prior injection of lyophilized 
tissues, or tissue otherwise prepared 
from the appropriate tumor, is due to a 
single chemical substance associated 
with a known gene. The analysis of 
the chemical basis of tissue specificity 
should be thereby greatly simplified. 
The production of these stocks has been 
started. The genetic methods to be 
used will be described elsewhere. 
Pending their development, tumor-im- 
munity experiments are being contin- 
ued with the stocks at present available. 


SUMMARY 


Mice of the C57 brown, C57 black, or 
B alb C strains were given 21 intra- 
peritoneal injections of lyophilized A 
strain carcinoma 15091a in Locke’s solu- 
tion over a period of 7 weeks and were 
then inoculated with the fresh tumor 
8 to 12 days after the last injection. In 
such mice, the tumor usually grew pro- 
gressively and killed the animals. In 
controls, the tumor usually gave only 
small masses which later regressed or 
failed to grow at all. Seven subcutane- 
ous injections of lyophilized tumor tis- 
sue in Locke’s solution and mineral oil 
over a period of 7 weeks. followed by 
inoculation of fresh tumor, gave simi- 
lar results. 

When F, mice from a cross of Swiss 
x B alb C were similarly treated with 
lvophilized C57 black strain sarcoma 
L9IGAIT and then inoculated with 
fresh sarcoma L946AT], a similar 
though less pronounced enhancing ef- 
fect was obtained. 

When C57 leaden mice were given 21 
intraperitoneal injections of lyophil- 
ized C57 black strain myeloid leuke- 
mia C1498 and then inoculated with the 
fresh tumor 8 to 12 days after the last 
injection, the percentage of negative 
animals was 54.1 as compared with 0 
for the controls. This series therefore 
showed a marked inhibitory effect, the 
exact opposite of the preceding series. 

The relation of the genetic theory of 
tumor transplantation to tumor-im 
munity experiments is discussed. 
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NOTE ON THE ENZYMATIC ACTIVITY OF NORMAL AND 
NEOPLASTIC TISSUES OF THE RAT 


By Jesse P. GREENSTELN, principal biochemist, and FLorENCE M. LEUTHARDT, junior bio- 
chemist, National Cancer Institute, National Institute of Health, United States Public 
Health Service 


The study of a wide variety of nor- tochrome oxidase, and on esterase have 
nal and of transplanted neoplastic tis- been taken from earlier papers.’ The 
ues of the mouse revealed that the methods of determining the activity of 
ange of enzymatic activity among the each of the enzymes and the mode of 
ormer kind of tissues was very much representing the activity so determined 
rreater than among the latter... It ap- are given in a previous paper The 
eared as if the tumors, regardless of data are collected in table 1, which 
tiology or histogenesis, approached a shows that, similar to the case of mouse 
emmon type of tissue. owe : tissues, the range in enzymatic activity 

Phe present note is a compilation of among the normal tissues of the rat is 
nalogous data on normal and _trans- considerably greater than among trans- 
lanted neoplastic tissues of the rat. planted tumors of this species. This 
Some’ of the data on arginase, on the range is also consistent with the nearly 
phosphatases, on the desaminases, on : Raattonl sulfur distribution values 
the dehydropeptidases, on BAA ami- among rat tumors as contrasted with 
ase (benzoylarginineamidase), on cy- the much wider range of these values 

; 7 . among normal rat tissues.‘ 

‘GREENSTZIN, J. P.. and THompson, J. W.: 

Range in activity of several enzymes in normal and ae Ka Ta 
neoplastic tissues of mice. J. Nat. Cancer Inst., 4: 23 GREENSTEIN, J. P.. and LetutHarpT, F. M.: 


275-281 (1943). Enzymatic activity in primary and transplanted rat 
GREENSTEIN, J. P.: Enzymes in normal and neo- hepatomas. J. Nat. Cancer Inst., 6: 2 217 

plastic tissues. In A. A. A. S. Research Conf. on (1946). 

Cancer, Washington, D. C. (1945). * See second reference in footnote 1. 


TABLE 1.—Enzymatic activity in normal and neoplastic tissues of the rat ' 





Alka- 


Acid | “line 


Jes J . 
Ribo- |Pe*X3-| Dehy-| Dehy-| Exo- 
Argi- | Cata- | phos- | nucleo- . dro- dro- | cystine 
nase lase pha- phos- | Gesami-| Rucleo- pepti- | pepti- | desul- 
tase phe- ne as » |desaml-| dase I | dase II| furase 
ASt tase ase nase ASC ase 1Tase 


Cyto- 
BAA : 
: chrome 
aml- 
oxi- 
dase 
dase 


Tissues 


Normal 
Liver 
Kidney 
Pancreas 
pleen 
srain 
Muscle 

Neoplastic: 
ransplanted hepa- 
toma 31. 
ransplanted Jensen 
sarcoma 
ransplanted tumor 
2226 4... 48 





Activity units of each enzyme described in previvus publication. See text, footnote 2. 

2? Extracts of this tissue rapidly desaminate adenylic acid (yeast), guanine, guanosine, but do not affect adenine. The 
mination of the susceptible substrates is 60-70 percent of the theoretical after 1 hour of incubation. 

According to Schneider and Potter (Cancer Research, 3: 353-358 (1943)), the cytochrome oxidase activity of the transplanted 
itoma 31 and the Jensen sarcoma is very nearly the same. 


‘ Very anaplastic epithelial type of tumor, donated by Dr. H. P. Morris. 
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REACTIONS OF BIS (2-CHLOROETHYL) 


SULFIDE (MUSTARD 


GAS) AND SOME OF ITS DERIVATIVES WITH PROTEINS AND 


AMINO ACIDS! 


$y JONATHAN L. HARTWELL, senior chemist, National Cancer Institute, National Institute 
of Health, United States Public Health Service 


INTRODUCTION 


The renewed prominence into which 
jis (2-chloroethyl) sulfide (1)* was 
rought by reason of the war prompted 
n investigation into the mechanism of 
ction of this substance upon the animal 
rganism. The present paper repre- 
ents a part of this investigation. In 
iew of the ample evidence that the 
esicants, iodoacetic acid and iodoacet- 
mide, react under biologic conditions 
rith the sulfhydryl group of proteins 
2-7) and amino acids (8-10), as weil 
s with the amino group of amino 
cids (77) and other amines (7/), that 
he reaction with the sulfhydryl group 
smuch more rapid than with the amino 
vroup, and that reaction takes place 
through the halogen atom of the vesi- 
cant, the possibility that mustard gas 
might exhibit a similar behavior ap- 
peared to be worthy of investigation. 
It had already been shown (72) that 
(I) readily reacts with simple mercap- 
tans at elevated temperatures. How- 
ever, with respect to the amino-group 
reaction, although Cashmore and Mc- 
Combie (73) and Lawson and Reid 
(74) obtained a reaction between (1) 
and glycine ester and although the lat- 
ter investigators showed that bis (2- 
chloroethyl) sulfone (IIT)* would react 
with glycine and phenylalanine, (1) 
las never been shown to undergo a 
reaction with a free amino acid. The 
attempts to carry out the condensation 
of (1) with a free amino acid (glycine 
and phenylalanine (14)), however, 
were carried, out under conditions 

here destruction of the vesicant by 
hydrolysis would be rapid. It seemed 
possible, therefore, that interaction 
night occur under more favorable cir- 


Submitted to the Office of Scientific Research 
d Development, Washington, D. C., June 2, 1943, 
d released for publication January 28, 1946. 

* Hereinafter referred to as (1). 

Hereinafter referred to as (IT). 
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cumstances. That (1) has an effect on 
proteins under physiologic conditions 
was shown in the experiments of Ber- 
enblum and Wormall (75), who dem- 
onstrated that the antigenic properties 
of serum proteins were changed by 
treatment with (1). No analytical 
data were given, nor was there a sur- 
mise as to the nature of attachment to 
the protein, however. 

The present study demonstrates that 
(I) readily reacts under approximately 
physiologic conditions with the sulfhy- 
dryl and (with limitations) the amino 
group of proteins and amino acids, that 
the reaction with basic amino acids is 
much more rapid than with other amino 
acids, and that the reaction with the 
sulfhydryl group proceeds more readily 
than with the basic amino group. 


EXPERIMENTAL PROCEDURE ** 
PREPARATIONS 


(I) was prepared by the action of 
thionyl chloride on thiodiglycol accord- 
ing to the method of Steinkopf et al. 
(/¢6). The thiodiglycol was obtained 
in part from Eastman Kodak Co. and 
used without further purification, and 
in part by synthesis from ethylene chlo- 
rohydrin according to the directions of 
Clarke (77). A nearly colorless prod- 
uct was obtained, which boiled at 109 
—112° /24 mm. and turned light yellow 
on standing. 

Bis (2-chloroethyl) sulfoxide (IIT)° 
was prepared according to the method 
of Helfrich and Reid (12) by the oxida- 
tion of (1) with concentrated nitric 
acid. One recrystallization from hot 
water gave white crystals, m. p. 109.5°- 
110.2° corrected. 

‘Except as noted, analyses are by Arlington 
Laboratories, Fairfax, Va. 

5 All reactions with proteins and amino acids 
were carried out at room température 

® Hereinafter referred to as (IIT). 


319 





320 JOURNAL OF THE NATIONAL CANCER INSTITUTE 


(II) was prepared according to the 
method of Helfrich and Reid (/2) by 
the further oxidation of (III) by chro- 
mie acid. After one crystallization 


from alcohol, it was obtained as white 
plates, m. p. 56.9°-57.4° corrected. 


REACTIONS WITH THE SULFHYDRYL GROUP 


REACTION BETWEEN (I) AND DENATURED EGG 
ALBUMIN 

A technical grade of egg albumin (5.0 gm.) 
was dissolved in 100 cc. of water. To the 
solution were added 4.8 gm. of disodium 
hydrogen phosphate dodecahydrate (Na: 
HPO, .12H.0), 0.26 gm. of potassium dihydro- 
gen phosphate (KH.PO,), and 100 gm. of 
urea. The solution, which had a pH of 8.0, 
was divided into 2 equal parts in glass- 
stoppered flasks, and the air in each flask was 
replaced by a commercial grade of nitrogen. 
One solution served as the control. To the 
other flask was added 0.64 gm. of (1), and 
both flasks were mechanically shaken. In 
spot tests, the nitroprusside reaction for the 
sulfhydryl group, which was strong at the 
beginning, was much weaker after 2 hours, 
for both mixtures; but when a little sodium 
cyanide was added to samples of each in 
order to reduce any disulfide back to sulfhy- 
dryl, the control gave a much stronger test. 
This showed that while some oxidation of the 
sulfhydryl group had occurred in the flask 
containing the (1), a considerable amount of 
the sulfhydryl had reacted with the (I). At 
this time also, the reaction of the solution 
was about neutral, and the (I) had disap- 
peared. To each flask was then added 10 
mg. of sodium cyanide, and to the flask con- 
taining (I) were also added 2.4 gm. of 
Na,HPO, .12H.0, 0.13 gm. of KH.PO,, and 
0.64 gm. additional of (I). After shaking for 
16 hours, the (I) had disappeared, and the 
nitroprusside test was negative in the treated 
solution and faintly positive in the control. 
When sodium cyanide was added to the spot 
tests, the control was much stronger than the 
treated solution. 

The solutions were dialyzed in cellophane 
sacs against running water. As the urea was 
removed, the solution treated with (I) gradu- 
ally became more opaque, until at the end the 
product had separated into white curds. The 
control showed no separation. The treated 
solution was centrifuged and the product dried 
under reduced pressure. An equal volume of 
alcohol was added to the supernatant solu- 
tion and gave only a light turbidity. To the 
control solution an equal volume of alcohol 
was added, and the product was centrifuged 
off and dried under reduced pressure. Yields 
were: treated, 1.87 gm.; control, 1.64 gm. 

Analysis gave the following results : treated, 
sulfur, 3.07, 2.98; nitrogen, 12.44, 12.61. Simi- 
lar data for the control were: sulfur, 2.31, 2.23: 


nitrogen, 12.98, 12.75. The analyses showed 


an increase in the sulfur: nitrogen ratio of 
37 percent, which corresponds to a combina- 
tion of the protein with 4 percent of its 
weight of (1). 

Formol titration of the products showed a 
decrease of free amino groups in the treated 
sample of about 35 percent, while a Van Slyke 
amino nitrogen determination’ indicated a 
decrease of about 70 percent in free amino 
groups. Polarographic analysis of the prod- 
ucts for sulfhydryl-disulfide groups* showed 
a decrease of this constituent in the treated 
sample of about 20 percent, presumably al! 
due to sulfhydryl! since disulfides would not 
be expected to react with (I). 

It is thus evident that both sulfhydryl and 
amino groups underwent reaction to produce 
a product notable for its insolubility in water 


REACTION BETWEEN (III) AND DENATURED Ecc 
ALBUMIN 


An experiment similar to the preceding, but 
with (1) replaced by an equivalent amount! 
of (III), was carried out. The strength ot 
the nitroprusside test did not decrease mor‘ 
rapidly in the solution treated with (III) 
than in the control (loss of sulfhydryl because 
of incidental oxidation), and it was concluded 
that no appreciable reaction with (III) and 
the sulfhydryl groups had occurred. 


REACTION BETWEEN (II) AND DENATURED EGG 
ALBUMIN 


An experiment similar to the one just pre 
ceding, but with the (III) replaced by an 
equivalent amount of (II) was made. The 
nitroprusside test became negative within 15 
minutes. After dialysis, both treated and 
control samples remained in solution. When 
the amount of (II) was reduced to about one 
sixteenth of the quantity previously employed, 
so that (II) and sulfhydryl were in about 
equimolecular ratio, the nitroprusside test be 
came weak after half an hour. The results 
show the greater reactivity of (II) as com 
pared with (1), although any conclusions 
based on rapidity of action of (I) and its 
sulfoxide or sulfone must imply a considera 
tion of the lower solubility of (1) in aqueous 
solutions. 


REACTION BETWEEN (I) AND CYSTEINE ® 


Cysteine hydrochloride (1.0 gm.; 0.00634 
mole) was dissolved in 14 cc. of water, and 
1.06 gm. (0.0126 mole) of sodium bicarbonat 
was added. Then 1.01 gm (0.00634 mole) of 
(1) was introduced, and the whole mixtur 
shaken, the pH of the mixture being mail 
tained slightly alkaline to litmus by the a 
dition of sodium hydroxide solution. Withi 


™8 Carried out by Dr. Richard J. Winzler. 

* Bacq (Bull. Soc. roy. sc., Liége, 11: 381 (1942 
reported the product of this reaction, but the wor 
has been available to the present author only 
abstract form (Chem. Zentralbl. 1: 749 (1943 
without details. 
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3 hours, a white crystalline precipitate had 
separated, and no (I) was visible. The nitro- 
prusside test was strongly positive. An addi- 
tional 1.01 gm. of (1) was added. After 2.5 
hours, the nitroprusside test was weak, and 
after 18 hours, the test was very faint. When 
sodium cyanide was added to an aliquot, the 
sulfhydryl] reaction was relatively weak, show- 
ing that some oxidation had taken place. The 
product was filtered, washed with water and 
alcohol, and dried. The yield was 0.95 gm. 

The product was insoluble in boiling water 
or alcohol but was soluble in dilute hydro- 
chlorie acid and sodium hydroxide. Formol 
titration indicated the presence of one amino 
group for each carboxyl group and gave a 
molecular weight (for a dibasic acid) of 333. 
The caleulated molecular weight for SLCH.- 
CH.-S-CH.-CH(NH:)-COOH]. is 328.5. The 
sodium salt crystallized from aqueous solution 
in glistening flat needles. 


REACTION BETWEEN (III) AND CYSTEINE 


Cysteine hydrochloride (1.0 gm.; 0.00634 
mole) was dissolved in 14 cc. of water. To 
the solution were added 1.06 gm. (0.0126 
mole) of sodium bicarbonate and 1.11 gm. 
(0.00634 mole) of (III). After the mixture 
had been shaken for 5 days, the nitroprusside 
test was still strong and the (III) was not 
visibly reduced in quantity. It was presumed 
that there had been no appreciable reaction. 


REACTION BETWEEN (II) AND CYSTEINE 


Cysteine hydrochloride (1.0 gm.; 0.00634 
mole) was dissolved in 9 cc. of water. To the 
solution were added 1.06 gm. (0.0126 mole) 
of sodium bicarbonate and 1.21 gm. (0.00634 
mole) of (11). After being shaken for 1.25 
hours, the solution was thick with white crys- 
tals, and the nitroprusside test was much 
weaker than originally. Water (5 cc.) was 
added; and after 0.75 hour longer practi- 
cally all the crystals of (II) had disappeared, 
and the nitroprusside test was weak. ‘The 
product was filtered and washed with water 
intil the cake gave a negative sulfhydry] test. 
The cake was extracted with boiling alcohol 
to remove any (II), and the product was crys- 
allized from boiling water. An additional 
crop of crystals was obtained from the mother 

quor. The total yield was 0.50 gm. 

The product was sparingly soluble in cold 

ater, soluble in hot water, soluble in dilute 
ydrochloric acid and sodium hydroxide, and 

isoluble in hot alcohol. Formol titration in- 
icated the presence of one amino group for 
ich carboxyl group, and gave a molecular 
veight (for a dibasic acid) of 357. The cal- 
lated molecular weight for O.S{[CH.-CH.-S- 

CH.-CH(NH:)-COOH]}, is 360.5. The sodium 
ilt was obtained as long white needles, by 
ow evaporation of the aqueous solution. 


REACTION BETWEEN (I) AND GLUTATHIONE 


Glutathione (1.0 gm.: 0.00326 mole) was 
ssolved in 14 cc. of water, 0.55 gm. 


(0.00652 mole) of sodium bicarbonate was 
added, and the mixture shaken with 0.52 gm. 
(0.00326 mole) of (1). After 7 hours, the 
nitroprusside test was negative; and when 
sodium cyanide was added to a sample, the 
test was only weakly positive. After being 
shaken for 15.5 hours longer, the excess (1) 
had disappeared. The solution was exactly 
neutralized, and an equal volume of alcohol 
was added. A light-yellow, gummy material 
separated. This product was soluble in alco- 
hol and in alcohol-ether and was never 
obtained in solid form. 


REACTION BETWEEN (II) AND GLUTATHIONE 


Glutathione (1.0 gm.; 0.00326 mole) was 
dissolved in 14 cc. of water, 0.55 gm. 
(0.00552 moie) of sodium bicarbonate was 
added, and the whole shaken with 0.62 gm. 
(0.00326 mole) of (II). After 3 hours, the 
nitroprusside test was positive; but after 15.5 
hours later, the test was negative even when 
sodium cyanide was added. To the neutral 
solution an equal volume of alcohol was 
added: a small amount of crystalline precipi- 
tate separated at —10° C. This was filtered 
off, and a larger second crop was obtained by 
adding an equal volume of alcohol to the 
filtrate. The yield was: first crop, 0.17 gm.; 
and second crop, 0.50 gm. 

Formol titration of these products indi- 
cated the presence of the amino group and 
gave a molecular weight (for a dibasic acid) 
of 974 and 912, respectively. Since the calcu- 
lated molecular weight of the free acid is 
732.8, the products obtained were probably 
hydrated or contaminated with sodium 
chloride. Since the exact composition of these 
products was considered at this time to be of 
secondary importance to the fact that reac- 
tions involving the sulfhydryl group actually 
occurred, the products were not purified 
further. It is reasonable to assume, however, 
that glutathione resembles cysteine in its re- 
action with (I) and (II) and gives rise to the 
compounds S(CH.-CH.-S-G). and O.8(CH:- 
CH.-S-G)2, respectively, where G represents 
the glutathione residue. 


REACTION WITH THE AMINO GROUP 


REACTION BETWEEN (1) AND DENATURED Eco 
ALBUMIN 


The reaction between (1) and denatured 
egg albumin has already been described in the 
previous section, and the evidence for involve- 
ment of the amino group presented. 


REACTION BETWEEN (1) AND NATIVE EGG ALBUMIN 


A technical grade of egg albumin (5.0 gm.) 
was dissolved in 100 cc. of water to which 4.8 
gm. of Na:HPO,.12H.0 and 0.26 gm. of KH.PO, 


were added. The solution, which had a pH of 
7.4, was divided into two equal parts, of which 
one served as ithe control. The other part was 
shaken with 0.64 gm. of (I). Within 18 hours 
the excess (1) had disappeared. The solution 
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was made slightly alkaline to litmus with 
sodium hydroxide, another 0.64 gm. of (I) 
was added, and the mixture kept slightly alka- 
line by the frequent addition of sodium hy- 
droxide. Within 24 hours the (1) had dis- 
appeared, and the solution treated with it 
was a little more turbid than the control. 
After dialysis against running water, the con- 
trol solution contained no sediment whereas 
from the treated solution was deposited a 
large amount of amorphous material. This 
insoluble fraction (A) was centrifuged off 
and dried under reduced pressure. To the 
supernatant solution was added an equal vol- 
ume of alcohol; the large amount of precipi- 
tate (B) obtained was centrifuged and dried 
in the same way as the insoluble fraction. 
The control was similarly precipitated and 
dried. The yields were: A, 0.42 gm.; B, 1.37 
gm.;.,and control, 1.30 gm. 

Analysis showed: A sulfur, 2.32, 2.49; ni- 
trogen, 13.26, 13.51; B: sulfur, 2.37, 2.48; ni- 
trogen, 13.65, 13.73; and control: sulfur, 1.49, 
1.56; nitrogen, 14.11, 14.01. The analyses also 
showed an increase in the sulfur: nitrogen 
ratio of 66 percent for A and 63 percent for B, 
which corresponds to a combination of the pro- 
tein with 5 percent of its weight of (1) in 
each treated sample. 


REACTION BETWEEN (I) AND CASEIN 


Casein (5.0 gm.) was dissolved in 100 ce. of 
water with enough sodium hydroxide to make 
the solution slightly alkaline to litmus, and 
the solution was filtered and divided into two 
equal parts. One part served as a control; 
to the other was added 0.64 gm. of (1), and 
both solutions were shaken and maintained 
at slight alkalinity. At 2 hours, the solution 
had become thick with the precipitated prod- 
uct. The mixture was shaken for half a day 
longer and let stand several days, whereupon 
the curd consolidated into a small mass. The 
product (A) was made neutral to litmus, cen- 
trifuged, washed with alcohol, and dried un- 
der reduced pressure. An equal volume of 
alcohol failed to produce a precipitate in the 
supernatant solution. The yield was 0.29 gm. 

A similar experiment was run in which the 
quantity of (1) was reduced to 0.52 gm. At 
1 hour there was no visible excess of (1); at 
2 hours, a sample taken for formol titration 
showed a reduction in the amino group of 36 
percent; and at 7 hours, another sample 
showed a reduction of 38 percent. The solu- 
tion, which showed no deposition of solid, was 
made neutral to litmus and precipitated with 
an equal volume of alcohol. The product (B) 
was centrifuged, washed with alcohol, and 
dried as in the other experiment. The yield 
of B was 0.81 gm., and that of the control 
0.16 gm, 

Analysis 


10 


gave the following: A: sulfur, 


” Carried out in part by Mrs. Sylvia R. L. Korn- 
berg 


2.12, and nitrogen, 12.8; B: sulfur, 2.57, and 
nitrogen, 12.4; and the control: sulfur, 0.86," 
and nitrogen, 14.2. The analyses showed an 
increase in the sulfur: nitrogen ratio of 173 
percent for A and 242 percent for B. These 
increases correspond to a combination of the 
protein with 7 percent and 10 percent, respec- 
tively, of its weight of (1) 


REACTION BETWEEN (1) AND AMINO ACIDS 


dl-Alanine (1.0 gm.; 0.0112 mole) was dis- 
solved in water, 0.94 gm. (0.0112 mole) of 
sodium bicarbonate was added, and the vol- 
ume adjusted to 15.0 cc. The solution was 
shaken with 1.79 gm. (0.0112 mole) of (I) 
and tested occasionally to verify the slight 
alkalinity to litmus. A similar solution, omit- 
ting the (I), was used as a control. In order 
to follow the loss of the amino group, samples 
were removed from the solutions at intervals 
and submitted to formol titration. 

It was observed (table 1) that the reaction 
of (I) with alanine was too slow to account 
for the ready reaction with proteins, only an 
8-percent loss in amino group being observed 
after 2 days. With the expectation that basic 
amino groups might be more reactive, a simi- 
lar series of reactions was run, using 1.0 gm. 
each of the basic amino acids d-arginine mono 
hydrochloride,” d-lysine monohydrochloride, 
and /-histidine monohydrochloride, and using 
the same equivalent amounts of other reagents 
as for alanine, except for one additional 
equivalent of sodium bicarbonate to neutralize 
the hydrochloric acid in the amino acids. The 
results (table 1), calculated on the basis that 
only the basic amino group reacts, show a 
reactivity for the basic amino acids more con- 
sistent with the results obtained with proteins 
Arginine and histidine reacted completely 
within 3 days, while lysine was less active, re 
quiring 6 days for the reaction to be two 
thirds complete although it was a little over 
40 percent complete in 1 day. The fact that 
the controls showed essentially no loss of 
amino group even after 6 days indicates that 
the amino group in the treated solutions was 
actually entering into combination with the 
(I) and was not being lost by oxidation or 
some other process. Attempts to isolate the 
amino acid reaction products yielded no solic 
derivatives but only gummy masses, whic! 
resisted purification. 

In carrying out the formol titrations, i' 
was found necessary first to acidify the sam 
ple taken with hydrochloric acid in order t 
expel the carbon dioxide. The solution wa 
then brought as usual to a faint pink colo 
to phenolphthalein with sodium hydroxide, - 
ec. of neutralized formalin was added, am 
the solution titrated with 0.1000N sodium hy 
droxide. Only the last titration was recorde: 


1 Value obtained from the literature. 
122 In the case of arginine (but not in the control 


the solution was made up to 7.5 ce. 





BIS (2-CHLOROETHYL ) 


TABLE 1. 
physiologic conditions of 
titration and expressed as 


SULFIDE WITH PROTEINS AND AMINO ACIDS 


Rate of reaction of some amino acids with bis (2-chloroethyl 


299 
323 


sulfide at approximately 


temperature and hydrogen-ion concentration as measured by formol 
percentage loss of the basic amino group ! 





Amino acid 


Loss of NH» 
Loss of NH» 


Sample 
NaOH 


Ct 
i/-Alanine 5. 60 
dl-Alanine control 2.74 
d-Arginine 5 2. 63 
d-Arginine control 51.07 
d-Lysine_- 45,3. 03 
i-Lysine control 45/2. 84 
!-Histidine _. 90) 1. 58 
-Histidine control 90 1. 58 


NaOH 


rime in days 


Loss of HN» 
Loss of NH, 
Loss of N Hy 
Loss of NH 
Loss of NH 
Loss of NH, 


NaOH 
NaOH 
NaOH 


~ 


98 1.30 101 
1.11 
2. 01 
2 77 
68 
161.36 ° % 5 1. 56 





Except dl-alanine, where the results are referred tu the a-amino group 


2 A negative percentage loss (i. e.,an increase) in amino group is obviously impossible 


loss within the limits of error. 


Figure probably in error since the results at 3 and 6 days show a negligible loss in amino 


TOXICITY OF DERIVATIVES 

The local and systemic toxicities in animals, 
of the various derivatives with amino acids, 
were given in another report (7). In general, 
the derivatives were practically without effect 
on mice, except the dicysteiny!] derivatives of 
(1) and (II), which did exhibit toxie prop- 
erties. 


DISCUSSION 


The results reported here extend to 
amino acids and proteins the observa- 
tions of other workers on the conden- 


sation of bis (2-chloroethyl) sulfide 
(1) with mercaptans and amines. The 
sulfone (II) was found to be more re- 
active toward the sulfhydryl group 
than was (1), as had been reported (72, 
13) for the reaction of (I) and (IT) 
with amines. The sulfoxide (III) 
showed a rather surprising lack of ac- 
tivity toward cysteine as it had toward 
glycine ester (J3). The results re- 
ported here indicate a considerably 
greater reactivity of (I) and (II) with 
the sulfhydryl group than with the 
umino group of amino acids and pro- 
teins. This difference was also found 
for the vesicants, iodoacetic acid and 
odoacetamide (77). 

These results are not to be taken as 
confirmation of the “amino-acid 
theory” of the vesicant action of mus- 


It should be considered as a 0-percent 


group 


tard gas (/3), since it is evident that 
many other substances which react with 
amino and sulfhydryl groups are not 
vesicant, It is believed, however, that 
the results are consistent with the 
theory that mustard gas reacts chemi- 
cally with constituents of the living cell. 
The knowledge that mustard gas is ca- 
pable of combining with two groups 
which are almost universally present in 
living cells represents a basis from 
which further research may be pro- 
jected. The action of mustard gas on 
the living animal is undoubtedly com- 
plicated. The fact that mustard gas 
readily combines with sulfhydryl 
groups suggests that enzymatic studies 
might yield interesting results. How 
great a part the change in physical 
properties of the proteins may play is 
entirely unknown. The present study 
also provides a background for further 
immunologic studies so promisingly be- 
gun by Berenblum and Wormall (7-7). 


SUMMARY 


(2-chloroethyl) sulfide (1) com- 
under approximately — physi- 
ologic conditions of temperature and 
hydrogen-ion concentration, with sulf- 
hydryl and amino groups in proteins. 
The products are characterized 


Bis 
bines, 


by 
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having lower solubilities. The sulfone 
(IL) (but not the sulfoxide (III) ) com- 
bines with sulfhydryl groups, at least 
in proteins, 

The sulfide (1) and its sulfone (II) 
(but not the sulfoxide (III) ) combine 
with the sulfhydryl group of cysteine 
and glutathione, under similar condi- 
tions, to form crystalline derivatives 
of the type S(CH,-CH.-S-R), and 
O,5(CH.-CH,-S-R) .. 

(1) combines readily, under similar 
conditions, with the basic amino groups 


of the basic amino acids d-arginine, 
d-lysine, and /-histidine. It combines 
much less readily with the amino group 
of d/-alanine. 

The reaction, under approximately 
physiologic conditions, of (1) with the 
sulfhydryl group of amino acids is more 
rapid than the reaction with either the 
a or the basic amino group of amino 
acids. 

The derivatives of mustard gas with 
the various amino acids show for the 
most part much less toxicity toward 
mice than does mustard gas itself. 
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LIVER NECROSIS AND THE INDUCTION OF CARBON 
HEPATOMAS IN 


CHLORIDE 


TETRA- 
STRAIN A MICE 


By ALLEN B. ESCHENBRENNER, surgeon, and ELiza MILLER, assistant biologist, National 
Cancer Institute, National Institute of Health, United States Public Health Service 


INTRODUCTION 


The focal necrosis of liver cells that is 
produced with a single dose of carbon 
tetrachloride is followed by rapid pro- 
liferation of the remaining liver cells. 
This regenerative growth is transitory 
and ceases when the liver has been re- 
stored to its normal complement of 
functioning cells. With repeated ad- 
ministration of this chemical, continu- 
ous regeneration keeps pace with the re- 
peated necrosis. Under certain condi- 
tions of chronic administration of car- 
bon tetrachloride to mice, nodules of 
neoplastic liver cells appear; and with 
cessation of treatment, they continue to 
grow while regenerative activity of the 
liver ceases. 

The question naturally arises to what 
degree, if any, are the repeated necrosis 
and the chronic regenerative state re- 


lated to the eventual appearance of 


hepatomas. Is carbon tetrachloride a 
carcinogenic agent in the sense of effect- 
ing specific changes in the liver cells 
that are manifested by the appearance 
of properties which we classify as neo- 
plastic? If true, it should be possible 
to obtain tumors with nonnecrotizing 
Or is carbon tetrachloride a non- 
specific necrotizing agent, which when 
viven repeatedly and producing cyclic 
necrosis and repair allows for the pro- 
gressive selection of particular cell 
types having neoplastic potentialities? 
Or does carbon tetrachloride act as a 
carcinogenic agent only in the presence 
f necrotic liver tissue? If true, tu- 
nors would not be obtained with the 
ise of nonnecrotizing doses, no matter 
ver how long a period the doses are 
viven. Or does carbon tetrachloride 
ave specific carcinogenic properties for 
iver cells, and in addition, is the speed 
if the neoplastic transformation facili- 
ated by selection of cell types through 
epeated necrosis and repair? If true 
gain, theoretically it should be possible 


doses. 


to induce these tumors with nonnec- 
rotizing doses of this agent. 

These questions led to a series of ex- 
periments which seem to indicate that 
repeated liver necrosis is not necessary 
for the induction of hepatomas in strain 
A mice with carbon tetrachloride. 


MATERIALS AND METHODS 


The animals used were strain A mice 
from colonies maintained at the Na- 
tional Cancer Institute. The mice, 
which were 3 months of age at the be- 
ginning of all experiments, were fed 
Purina dog-chow pellets and water ad 
libitum. The environmental tempera- 
ture was maintained at 78° F. 

The solutions of carbon tetrachloride 
in olive oil were administered by stom- 
ach tube in accordance with body 
weight, which was determined at the 
time of each feeding. The carbon tetra- 
chloride was of chemically pure quality 
and was diluted with U.S. P. olive oil. 
Solutions were prepared by serial two- 
fold dilutions of the most concentrated 
solution percent by volume) and 
were stored at 42° F. when not in use. 

Animals were killed by cervical dis- 
location. For histologic study, tissues 
were routinely fixed in Zenker-formol. 
dehydrated in ethyl alcohol, embedded 
in paraffin, and stained with hematoxy- 
lin and eosin. For determination of per- 
cent of liver cells rendered necrotic un- 
der different conditions of treatment, 
Wright’s stain. N Wr 11.2 buffered at 
pH 6, was used because of its sharp dif- 
ferentiation of the cytoplasm of necrotic 
and nonnecrotic liver cells. The pro- 
cedure employed for this stain was that 
of Lillie (7). This involves no differ- 
entiation of individual sections, but in- 
stead their immersion in the various 
solutions for a constant period. 

1This lot is essentially a mixed methylene blue 
and azure B eosinate and closely resembles Maxi 


mow’'s azure II eosin. 
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The duration of exposure to each so- 
iution used in dehydration, clearing, in- 
filtration, and embedding of all tissues 
was held constant by the use of a com- 
mercial automatic tissue-changing de- 
vice. Control of time of exposure and 
of the temperature of the paraffin was 
further facilitated by the use of a mul- 
tiple tissue carrier and a multiple tray 
for embedding tissues, devised in this 
laboratory (2,3). This care was taken 
in order that the shrinkage incident to 
paraffin embedding be kept as uniform 
as possible for purposes of comparative 
histologic studies. 

For the quantitative histologic meas- 
urements, the method recently devised 
by Chalkley (4) was used. Since it is 
a new method and the type of measure- 
ments obtained are different from those 
of other methods in common use, such 
differences are stressed. The values ob- 
tained by using this procedure are ratios 
expressed as percent of the area of a 
section that is composed of a particular 
tissue element (resting liver cells, liver 
cells in mitosis, necrotic liver cells) and 
do not represent numbers of cells or ele- 
ments but areas of these elements in re- 
lation to each other or to the entire sec- 
tion. As briefly expressed by Chalkley 
(5, footnote 1, p. 49): 

This ratio is obtained by a method of sam- 
pling based on geometric probability and is 
done by repeated random presentation of a 
point pattern to the structures measured, and 
counting the visual contacts (hits) observed 
on the structures of interest. 


EXPERIMENTAL PROCEDURES * AND 
RESULTS 


Other experiments suggested to us 
that the minimum dose of carbon tetra- 
chloride, which when given repeatedly 
will produce hepatomas, is probably not 


——_—___— — 


2One method of approach considered was that 
of making biopsies of the livers during the course 
of chronic administration of the agent for the in- 
duction of tumors, to determine the presence or 
absence of liver necrosis. Following recovery from 
partial hepatectomy, however, there was previously 
noted an altered reactivity of the liver to subsequent 
administration of carbon tetrachloride (6) and also 
of chloroform (7). Although, to be sure, a biovsy 
is very small in comparison with the removal of 70 
percent of the liver, as was done in these studies, 
we have no assurance that it would not have some 
effect on the organ. This objection, however, is not 
so serious as that of the effect of the laparotomy 


very different from the minimum liver- 
necrotizing dose. An attempt was 
made, therefore, to control every factor 
that might conceivably have an im- 
measurable influence on liver necrosis 
in relation to hepatoma induction. 

A series of mice was killed at 
intervals following a single liver- 
necrotizing dose of carbon tetrachloride 
to determine the approximately optima! 
time for examination of the livers for 
the presence or absence of necrosis in 
relation to dose of the agent adminis- 
tered. The degree of liver necrosis 
produced with different doses of carbon 
tetrachloride, the minimum necrotizing 
dose, and the amount of animal varia- 
tion in the inbred strains were deter- 
mined. Accuracy of the interpretation 
of the results of these studies was 
enhanced by the use of Chalkley’. 
method (4) for quantitative histologic 
analysis of the livers. Groups of mice 
of the same strain were fed in accord 
ance with body weight. They received 
the same total amount of carbon tetra 
chloride over the same period, but with 
a variation in the number of doses into 
which the total amount was divided and 
hence a variation in the size of each 
dose. By using a graded series of doses 
therefore, it was possible to include a 
range in which one group received 
necrotizing doses while the other did 
not, the final total amount administered 
being the same. 


NECROSIS AND REPAIR IN THE LIVER FOI 
LOWING A SINGLE DOSE OF CARBON 
TETRACHLORIDE 


As a basis for experiments to deter 
mine the relation between doses of car 
bon tetrachloride and the amount of 
necrosis produced in the liver, a serie: 
of animals was killed at 12-hour inter 


itself on the reaction of the liver to carbon tetr: 
chloride, since it has been shown that subcutan: 
ous inflammation is associated with an altered r: 
activity of the liver to this agent and to chlor 
form (8, 9). Furthermore, a rather large numb 
of biopsies would have to be carried out, whic 
besides being subject to possible variation in tec! 
nique from one animal to another, could not be ca 
ried out on all animals at the same time in relativ 
to the administration of carbon tetrachlorid 
There might be considerable fluctuation in bod 
weight as a result of these procedures and cons 
quently in the dose of the agent administere 
This method was therefore discarded. 
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vals after a single dose of the agent. 
The mice were given 0.005 cc. of a 32- 
percent solution of carbon tetrachloride 
per gram body weight by stomach tube 
it9 a.m. Two male and two female 
nice were killed at each 12-hour inter- 
val up to and including 5 days there- 
ifter. Six hours prior to death by 
ervical dislocation, the mice were also 
riven intraperitoneally 0.01 ce., per 
rram body weight, of a solution con- 
aining 5 mg. colchicine per 100 ce. 
aline. Sections of livers of all mice 
vere dehydrated, embedded, sectioned, 
ind stained as a group. Four sections 
vere taken from different portions of 
ach liver to obtain a somewhat repre- 
entative picture of the entire organ. 

A quantitative morphologic analysis 
f these sections, which were stained 
vith azure eosinate buffered at pH 6, 
made according to Chalkley’s 
nethod. The ratios of the areas were 
letermined for the following: (1) 
Resting liver cells; (2) liver cells in 
mitosis: (3) necrotic liver cells: and 
(4) other tissue (Kupffer cells, leuko- 
cytes, blood vessels, bile ducts, etc.). 
The percent of total liver-cell area ren- 
dered necrotic and the percent of non- 
necrotic liver-cell area in mitoses were 
calculated for each animal (table 1). 
Average values for each time interval 
ire shown in figure 1. No significant 
difference was found for these values 


vas 


TABLE 1. 


Necrosis and ‘repair in*the liver*of strain A mice following a single 





% Live TISSUE 





% MITOTIC TISSUE 


1 
o) 0.5 5 2 2.5 5 3.5 4 
DAYS FOLLOWING A SINGLE DOSE OF CARBON TL TRACHLORIDE 





FIGURE 1.—Necrosis and repair in the livers 
of strain A mice at 12-hour intervals fol- 
lowing an oral dose of carbon tetrachloride 
in olive oil. Each point on the curves is 
an average value for three or four mice. 

in sections taken from different 

tions of a liver. 

Twelve hours after a dose of carbon 
tetrachloride, there was a noticeable 
change in liver cells surrounding cen- 
tral veins. In sections stained with 
hematoxylin and eosin and with azure 
eosinate buffered at pH 6, the cytoplasm 
of these cells was slightly more acido- 
philic than was the cytoplasm of cells in 
the periphery of the lobules. Nuclei 
were intact. These areas around central 
veins approximately conformed in con- 
figuration and extent to the frankly ne- 
crotic areas seen 24 hours after the ad- 
ministration of the agent. The degree 


por- 


dose of carbon tetra- 


chloride ! 





Sex of mice 


Necrosis 
Mitosis 
Necrosis 
Mitosis 


Female 
Do 

ile 
Do 


Average 


Necrosis | 


Time in days 


Necrosis 
Mitosis 


Mitosis 
Necrosis 
Mitosis 
Necrosis 
Mitosis ; 
Necrosis 
Mitosis 
Necrosis 
Mitosis 
Necrosis 
Mitosis 
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Figures represent ratios, expressed as percent, of area of necrotic liver cells to total liver-cell area, and of area of mitotic liver 


$ to total nonnecrotic liver-cell area, in histologic sections. 


urs prior to necropsy. 


Time inter’ als are 12 or 24 hours 


Colchicine was administered 


2 animals not included because of lymphocytic infiltration in portal areas of liver 


692866 


46 4 
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of change in staining characteristics of 
these cells was not sharp in contrast 
with that of cells in the periphery of 
the lobules, and no cell was frankly ne- 
crotic. No attempt was made to deter- 
mine the ratio of liver cells showing the 
slight differences of staining. 

Twenty-four hours after a dose of 
carbon tetrachloride, there was a sharp 
demarcation between the central zones 
of necrotic liver cells and those imme- 
diately adjacent that escaped necrosis. 
This was particularly striking in sec- 
tions stained with azure eosinate. Nu- 
clei were absent or fragmented in the 
necrotic cells, and the cytoplasm stained 
a bright orange-red with coarse granu- 
lation, in contrast with the purple stain 
of the finely granular cytoplasm of non- 
necrotic liver cells. 

Thirty-six hours after a dose of the 
agent, the amount of necrotic liver-cell 
area relative to nonnecrotic liver-cell 
area was only slightly less than that at 
24 hours. The apparent decrease in size 
of the necrotic regions if significant 
was probably due to a slight swelling of 
the remaining liver cells preparatory to 
division. Although a \ery occasional 
mitosis was encountered, the value for 
percent of cells in mitosis was far less 
than one. 

Forty-eight hours after carbon tetra- 
chloride administration, there was be- 
ginning infiltration of the necrotic areas 
with leukocytes; these areas were 
smaller, and 22 to 25 percent of the area 
of liver cells consisted of mitotic tissue. 
In preparations stained with azure eosi- 
nate, there was a noticeably more baso- 
philic staining of the cytoplasm of all 
liver cells, which appeared as an intense, 
pure blue in contrast with the purple 
color seen in normal livers and in livers 
at intervals of 12, 24, and 36 hours after 
administration of the agent. Mitoses 
were scattered throughout the viable 
parts of the lobules but seemed more 
concentrated in the regions adjacent to 
the central necrotic areas. 

At intervals after 48 hours and up 
to 5 days following the administration 
of the agent, a progressive decrease in 


size of the necrotic areas and a gradual 
decrease in mitotic activity were noted. 


DEGREE OF LIVER NECROSIS IN RELATICN 
TO THE AMOUNT OF CARBON TETRACHLO- 
RIDE ADMINISTERED 


For purposes of the present study on 
tumor induction and in order to coor- 
dinate it with the findings in a previous 
report on the induction of these tumors 
(10), concentrations of carbon tetra- 
chloride in olive oil ranging from 32 to 
14 percent were tested. A single dose 
of 0.005 cc. of each solution per gram 
body weight was administered by stom- 
ach tube. Two male and two female 
mice were used for each dose. The ani- 
mals were killed by cervical dislocation 
24 hours after they had received the car- 
bon tetrachloride. Sections for histo- 
logic study were prepared as previously 
described. Chalkley’s method was used 
in analyzing section of the livers of all 
mice for the ratios of areas in three 
groups: (1) Nonnecrotic liver cells; (2) 
necrotic liver cells; and (3) other tissue 
components of liver. The percentage of 
liver-cell area rendered necrotic was de- 
termined for each anima! (table 2). 


TABLE 2.—Area of liver cells of strain A mice 
rendered necrotic 24 hours after oral ad 
ministration of various dilutions of carbon 
tetrachloride in olive oil* 





Percent solutions of carbon tetra- 
chloride 
Sex of mice 


Female 
Do 

Male 
Do 


Average 





1 0.005 ec. per gram of body weight. 
2 This animal not included because of lymphocytic i 
filtration in portal areas of liver. 


In addition to the foregoing serie 
of animals, another series was availab] 
that had been treated in the same way 
but in the latter the livers were fixe 
in 95 percent alcohol for other studic 


to be reported later. Because of tl 
different fixative, quantitative measur: 
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ments were not carried out, but the oc- 
currence of necrosis in relation to dose 
of carbon tetrachloride was the same. 
One animal (a female) in four receiv- 
ing the 14-percent solution had necrosis. 

The degree of necrosis in lobules 
throughout all lobes of the livers of 
animals receiving minimum necrotizing 
doses of carbon tetrachloride was ap- 
proximately the same. This is in con- 
trast with the observation (77) that 
minimum necrotizing doses of chloro- 
form produce centro-lobular necrosis 
in only some lobes of the livers of strain 
A mice. 

The possibility that two sub-necrotiz- 
ing doses of carbon tetrachloride given 
24 hours apart (as was done in the 
tumor-induction experiment described 
in the next section) might be additive 
and thus produce necrosis was consid- 
ered. Groups of mice were therefore 
given two doses of the 1-, 14-. 14-, and 
\g-percent solutions, respectively, 24 
hours apart and were killed 24 hours 
after the second dose. These mice re- 
ceived 0.005 cc. of solution per gram 
body weight per dose. The doses were 
not additive. The degree of necrosis 
was not determined; only the presence 
or absence of necrosis was noted. The 
data are shown in table 3. 


TaBLE 3.—Liver necrosis in strain A mice 
after administration of various dilutions of 
carbon tetrachloride in olive oil 


Numerator= Number of animals showing liver necrosis 
Denominator= Number of animals observed 





Dose per Percent solution 
gram body 
weight 


Sex of mice 


Cubic 
centimeters 
Female 0. 005 
Male 1. 005 
Female _. 2.02 
Male = 2.02 





2 daily doses 
21 dose. 


In the tumor-induction experiment 
see next section), one series of ani- 
nals received 0.005 ec. of solution, while 
he other received 0.02 ec. of solution 
er gram body weight per dose. Since 


incomplete absorption of the carbon 
tetrachloride might occur in animals 
receiving the larger quantity of solu- 
tion, groups of mice were given 0.02 ce. 
of the 1-, 4%-, 4-, and 1g-percent solu- 
tions per gram body weight and were 
killed 24 hours later. Again, the degree 
of necrosis was not determined, only 
the presence or absence of necrosis was 
noted. These data are also given in 
table 3. Absorption appears to have 
been complete, 

Another experiment on liver necro- 
sis, done in connection with other work 
on carbon tetrachloride, is included 
(table 4) for its value in interpretation 
of the results of the tumor-induction ex- 
periment. In this experiment, a dose. 
of various dilutions of carbon tetrachlo- 
ride in olive oil, was administered to 
strain A mice, followed by a second dose 
30 days later. Necropsies were made 24 
hours after the second dose. Sections 
of livers of these mice were prepared. 
and quantitative histologic studies were 
carried out in the manner previously 
described. Each animal showed less 
liver necrosis than did the animals in 
the previous experiment, in which only 
a single dose of carbon tetrachloride 
was given. (See tables 2 and 4.) The 
necrotic areas were centro-lobular in 
distribution. 


TABLE 4.—Area of liver cells of strain A mice 
rendered necrotic 24 hours after a second 
dose of various dilutions of carbon tetra- 
chloride in olive oil.2. Compare with table 2 





Percent solutions of carbon tetrachloride 
Sex of mice en oe - 


32 16 Ss 4 


Pet.| Pet. Pet 
Female 38 38 44 31 
Male 38 32 36| 33 


Average 38 35 40 32 





1 First dose given 30 days previously 


HEPATOMA INDUCTION IN RELATION TO 
NECROSIS OF THE LIVER PRODUCED WITH 
CARBON TETRACHLORIDE 
As mentioned in the Introduction, 

the plan of this experiment was to ad- 

minister to two series of mice the same 
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total amount of carbon tetrachloride 
and olive oil over the same total period, 
but with a variation in the number of 
doses into which the total amount was 
divided and hence a variation in the 
size of each dose. Animals of 1 series 
were given 30 doses of carbon tetrachlo- 
ride at intervals of 4 days while those 
of the other series were given 120 daily 
doses of the agent. The same solutions 
were used for the 2 series, mice of 1 
series receiving 0.02 cc. of solution per 
gram body weight (30 doses) and those 
of the other series 0.005 ce. of solution 
per gram body weight (120 doses). A 
range of graded doses was used, which, 
from the data in the preceding section, 
when divided into 120 daily doses would 
include necrotizing and nonnecrotizing 
doses, but when divided into 30 doses 
given at 4-day intervals would include 
only necrotizing doses. Two control 
series of mice received 0.02 ec. and 0,005 
ce., respectively, of olive oil per gram 
body weight per dose. Five male and 
five female mice were used in each of 
7 different dose and 2 control groups. 
Unfortunately, the group of mice to re- 
ceive 30 doses of the 1-percent solution 
was omitted in order to minimize the 
number of stomach-tube feedings. It 


TABLE 5. 
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was thought, contrary to the findings, 
that a higher incidence of tumors would 
follow 30 rather than 120 doses. 

Treatment with carbon tetrachloride 
was started when the mice were 3 
months of age and terminated when 
they were 7 months old; all animals 
were examined at 8 months of age for 
the occurrence of hepatomas. To 
throw further light on the question of 
tumor induction in relation to liver 
necrosis, all animals were given one ad- 
ditional dose of the solution 24 hours 
before necropsy. The results are shown 
in table 5. The data for probable ini- 
tial necrosis in relation to dose of car- 
bon tetrachloride are taken from tables 
2 and 3. 

Mice receiving the largest dose of the 
agent (1-percent solution) had numer- 
ous hepatomas up to 1 cm. in diameter: 
those receiving smaller doses (14- and 
1,-percent solutions) had 2 or more 
smaller tumors. The hepatomas were 
larger and more numerous in groups 
of animals that received 120 doses than 
in those that received 30 doses of a 
given solution, in both groups the total 
amount of carbon tetrachloride given 
being the same. The presence or ab- 
sence of hepatomas and of liver necrosis, 


Susceptibility of strain A mice to liver necrosis and the incidence of hepatomas 30 days 


after 120 or 30 doses of carbon tetrachloride ! 


Numerator 


= Number of mice showing necrosis or hepatoma 


Denominator = Number of mice observed 





Total carbon tetrachloride (per gram body weight) 


60 x 10-* ce. 
(1-percent 


solution) solution) 


Dose conditions 


necrosis 
Observed final liver | 
necrosis 


Probable initis 


| 


120 doses in 119 days 
co 

30 doses in 116 days 
do 


30 x 10- ec. 
(44-percent 


Hepatoma incidence 


15x 10~ ce. 
(}4-percent 
solution) 


7.5 x 10-4 ce. 0 
(44-percent ( ; 

. if Fe ) 
solution) live oil 


| 
| 
' 
j 


tial liver | 


necrosis 
necrosis 
Hepatoma incidence 


| Observed final liver 
Hepatoma incidence 


| Observed final liver | 
| Observed final liver 





' Based on gross and microscopic examination. 


2 2 animals showing no tumor on gross examination were found each to have a very small hepatoma on microscopic exami- 


nation of a random section of the livers. 
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FIGURE 2.- 


as recorded in table 5, was established 
by histologic examination. No tumors 
were observed grossly in animals re- 
ceiving the 14-percent solutions or olive 
oil alone. Random sections were made 
of livers containing no tumors grossly. 


By chance, a histologic section of liver 
of each of 2 mice receiving the 14-per- 
cent solution included a small nest of 
cells that appeared to be early hepa- 


tomas. Of the original 90 animals, 3 
were lost during the experiment, pos- 
sibly from perforation of the esophagus 
with the feeding tube, although this 
could not be established definitely. 
When areas of necrosis of the liver were 
observed in tumor-bearing animals, no 
necrosis was observed in the hepatomas 
(fig. 2). The localization of the areas 
of necrosis after chronic administra- 
tion of carbon tetrachloride, however, 
seemed to follow no definite pattern 
(fig. 3, B) in contrast with the regular 
pattern of centro-lobular necrosis seen 
after a single dose (fig. 3, A). The 
areas of necrosis might surround or be 
adjacent to veins with or without associ- 
ated bile ducts or might lie between the 
two (fig. 3, B). The normal approxi- 
mate equidistance of central veins and 
of portal veins (as identified by associ- 
ated bile ducts) was absent. 


Section of liver and hepatoma from a mouse that had received 30 doses of 1-percent 
solution of carbon tetrachloride at intervals of 4 days. 
liver cells. Note absence of necrosis in tumor. 


Light areas are foci of necrotic 
Azure eosinate buffered at pH 6. X 20. 


Sections of livers from four mice of 
each dose group (chosen at random) 
were stained with silver for demonstra- 
tion of reticulum fibers. Representative 
sections of each dose group are shown 
in figures 4 and 5. A rough correlation 
was observed between the degree of dis- 
tortion of the liver lobules and of the 
deposition of reticulum fibers and the 
amount of carbon tetrachloride admin- 
istered. Further, there appeared to be 
no appreciable difference in the amount 
of reticulum in mice that received 120 
daily doses as compared with those that 
received 50 doses at intervals of 4 days. 
The former were nonnecrotizing doses, 
and the latter were all necrotizing doses, 
while the total amount of a given solu- 
tion that was administered was the 
same. Although the amount of reticu- 
lum in figure 5, B and (, seems slightly 
greater than that in figure 4, B and (C 
(and these are representative sections). 
it would be hazardous to consider this 
slight difference significant in this ex- 
periment. 

DISCUSSION 

The quantitative histologic studies on 
necrosis and repair in the liver follow- 
ing carbon tetrachloride emphasize the 
value of Chalkley’s new method. The 
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expenditure of 15 to 20 minutes’ time 
per section establishes a figure that is 
reproducible, with an error of not more 
than 2 percent. In determining the 
effect of different doses and gaging the 
degree of variation between animals, 
therefore, it is not necessary to compare 
sections repeatedly in order to arrive at 
what can only be a rough approxima- 
tion, or one which in the end may be 
expressed only as an opinion. 

In the experiment on the relation be- 
tween dose of carbon tetrachloride and 
amount of liver necrosis (table 2), ani- 
mal variation was very slight with the 
larger doses and increased with dilution 
of dose. When, however, a large dose 
was used to study the course of necrosis 
and repair (table 1), and little animal 
variation was noted in the amount of 
initial liver necrosis, such variation be- 
came apparent as differences in rate of 
repair. 

Minimum necrotizing doses of carbon 
tetrachloride were found to produce ne- 
crosis of lobules of all lobes of the liver 
while minimum necrotizing doses of 
chloroform were found in an earlier 


study (11) to produce necrosis of lob- 
ules of only some lobes of the organ. 


Copher and Dick (72) observed a 
“stream line” phenomenon in the portal 
vein of dogs, causing a selective distri- 
bution of portal blood in the liver from 
different portions of the gastrointesti- 
nal tract. A difference in the site of ab- 
sorption of chloroform and of carbon 
tetrachloride would seem a more likely 
explanation for the observed differences 
in liver necrosis than that of a difference 
in susceptibility of liver cells in differ- 
ent lobes. 

The use of colchicine facilitates the 
study of repair of the liver but at the 
same time introduces a complicating 
factor that should be kept in mind in 
any comparison with studies in which 
it is not used. Being toxic, it might 
thus have slightly different degrees of 
retardation of repair in livers at differ- 
ent stages of recovery from the necrosis 
produced by carbon tetrachloride. No 
histologic evidence of necrosis was seen 
in mice given colchicine without ante- 


cedent carbon tetrachloride. We can be 
reasonably sure, from the studies of 
Brues, Marble, and Jackson (13) on the 
effect of colchicine on regeneration of 
the rat liver after partial hepatectomy, 
that the dose we employed had no ap- 
preciable effect on the regeneration of 
the liver subsequent to carbon tetrachlo- 
ride. 

Mitoses were scattered throughout the 
lobules although they seemed to be more 
numerous near the areas of necrosis. 
This scattering of mitoses must mean 
that there is a migration of liver cells 
toward the central necrotic areas in ad- 
dition to their appearing there as a re- 
sult of division of liver cells at the very 
margin. 

The possibility of a diurnal variation 
in rate of mitotic activity of the regen- 
erating liver is indicated in figure 1 and 
table 1. All mice were fed the carbon 
tetrachloride at 9 a. m. and were killed 
either at 9 p. m. (12, 36, 60 hours, ete.) 
or at 9 a. m. (24, 48, 72 hours, etc.). 
While the slightly but consistently 
higher average rates seen in mice killed 
at 9 p.m. may not be statistically signifi- 
cant for the present series of animals, 
they suggest such a variation as a pos- 
sibilty. Tis is in line with observa- 
tions on diurnal variation of mitotic ac- 
tivity in mouse skin (74), in human 
skin (75, /6), in normal and regenerat- 
ing rabbit skin (/7), and in rat renal 
cortex (7/8). Of interest in this connec- 
tion is the observation of mutually re- 
ciprocal relationship in the diurnal cy- 
cle of glycogen and bile salts in the 
liver (19, 20). 

Our observations on the rate of repair 
of the liver of the mouse after carbon 
tetrachloride, as determined by quan- 
titative histologic studies on the ratios 
of areas of necrotic, nonnecrotic, and 
mitotic tissue, compare favorably with 
those of Brues, Drury, and Brues (2/) 
on the rate of repair of the liver in rats 
after partial hepatectomy. Their 
method consisted of following liver 
weights and of calculation of cell num- 
bers, using average cell size and total 
liver weight. Since all the carbon 
tetrachloride is probably eliminated 
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IGURE 3.—Focal necrosis of the liver. A, Following a single dose of 1-percent solution of 
earbon tetrachloride; and B, after a period of chronic administration. Photographed with 
red filter (necrotic areas white). Azure eosinate buffered at pH 6. X 66. 
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Fictre 4.—Reticulum fibers in livers of mice receiving 120 daily doses: A, Of olive oil; / 
1¢-percent, C, %4-percent, and D, 4o-percent solution of carbon tetrachloride in olive oi 
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Figure 5.—Reticulum fibers in livers of mice recciving 30 daily doses, but 4 times as much per 
dose as the cases illustrated in figure 4. A, Of olive oil: B, %-percent, C, 4-perecent, and 


D, %-percent solution of carbon tetrachloride in olive oil. X 66. 
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from the body within 24 hours (22), it 
is, in effect, similar to a partial hepa- 
tectomy in that in both instances there 
is a primary insult that results in the 
removal of a large proportion of liver 
cells, 

A difference of time of onset of mi- 
totic activity may be noted in com- 
paring our studies with those of Brues 
and Marble (2%) on the restoration of 
the rat liver subsequent to partial hepa- 
tectomy. Their quantitative studies 
demonstrated a maximum mitotic rate 
24 hours after operation in contrast 
with our finding of a maximum 48 
hours after administration of carbon 
tetrachloride to mice. They observed 
that mitoses were evenly distributed 
throughout each lobule, that the mitotic 
rate varied from hour to hour in the 
same animal, and that the fluctuations 
occurred at different times in different 
livers. These observations might throw 
some doubt on our assumption that our 
data indicate a difference of over-all 
rate of repair in different animals. We 
noted that in three mice the initial mi- 
totic rate at 48 hours was very nearly 


the same, but that in other groups of 
four mice each at 12-hour intervals 
thereafter there was increasing varia- 


tion in mitotic rate. Our studies are 
not strictly comparable with those of 
Brues and Marble in respect to the 
hourly fluctuation in mitotic rate, how- 
ever, since our use of colchicine resulted 
in a mitotic index representing a 6-hour 
accumulation of mitoses, thereby ob- 
scuring such a phenomenon. Further- 
more, the quantitative data on the rela- 
tive size of areas of necrotic and non- 
necrotic liver cells showed a trend simi- 
lar to that of mitotic activity. At 24 
and 36 hours before repair had begun, 
the areas of necrosis in seven animals 
were very nearly the same. With onset 
of mitotic activity, there was increasing 
variation in the size of the necrotic 
areas at successive 12-hour intervals in 
different animals. We can account for 
this only by assuming that it is a true 
reflection of variation in over-all rates 
of repair in different mice, following 
the same initial amount of liver ne- 


Such diiferences of over-all 
rates of repair, of course, may repre- 
sent not only differences in the livers 
alone but also systemic differences in 
reaction to carbon tetrachloride. 

A comparison of qualitative studies 
by Cameron and Karunaratne (23) on 
the course of necrosis and repair in the 
rat subsequent to carbon tetrachloride 
with those in the mouse presented herein 
indicate no appreciable species differ- 
ence. 

Necrosis of the liver produced with 
carbon tetrachloride can be regarded 
from two viewpoints in relation to 
hepatoma induction: (1) The term “ne 
crosis” can be used only in reference 
to the massive necrosis found when the 
larger doses are used. With serial dilu- 
tion of the dose, the amount of necrosis 
(liminishes slightly and then is com- 
pletely absent. (2) It can be postulated 
that the agent may have a delayed lethal 
effect on cells or may cause premature 
aging and death, with the necessity of 
replacement at a rate slightly greater 
than normal. 

The two viewpoints necessitate differ- 
ent definitions of regeneration or hyper- 
plasia that would necessarily follow the 
necrosis. There is no question but that 
the production of hepatomas with ob- 
viously necrotizing doses of carbon tet- 
rachloride is associated with a chronic 
state of regeneration of the liver, al- 
though we know of no evidence to prove 
that a causal relation exists. On the 
other hand, it would be hard to prove 
or disprove that there is a slightly 
greater rate of replacement of liver cells 
without frankly necrotizing doses of the 
agent, and hence what might theoreti- 
cally be considered to be a chronic re- 
generative or hyperplastic state, associ- 
ated with the production of hepatomas 
with nonnecrotizing doses. This dis- 
cussion is confined, therefore, to the role 
of obvious liver necrosis and its attend- 
ant regeneration in the genesis of these 
tumors. 

One question that arises is whether 
or not we may assume that at least some 
of the 10 animals (each of which had 
tumors) given 120 doses of the 14-per 


crosis,. 
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cent solution did not have repeated liver 
We are dealing with a highly 
inbred strain of mice, to which the solu- 
tions were administered in accordance 
with bedy weight by stomach tube, the 
animals were of the same age, and after 
a single dose or 2 doses of the agent ne- 
crosis was observed in only 2 to 12 ani- 
mals; the probability is therefore that 
this question can be answered in the af- 
firmative. As another affirmative an- 
swer to the question whether hepatomas 
can be induced with nonnecrotizing 
doses of carbon tetrachloride, may be 
submitted the fact that no necrosis re- 
sulted from the dose given the day be- 
fore necropsy. When a single dose of 
the agent was given, extensive necrosis 
was observed in all animals receiving 
the 1-, and 14-percent solutions, and in 
? of 12 animate receiving the 14-percent 
solution. However, when 120 daily 
doses of these solutions had been given, 
followed by a rest period of 30 days, 
and an additional dose was given 24 
hours before necropsy, none of 10 ani- 
mals had liver Thus, during 
the course of chronic administration of 


hecrosis. 


necrosis. 


the agent, the livers of the animals de- 
veloped a resistance or became iInsensl- 


tive to its necrotizing action. A com- 
parison of tables 2 and 4 indicates that 
there is considerable resistance or in- 
sensitivity developed very early in the 
period of chronic feeding, beginning 
even as a result of the first of 120 doses, 

. fact that lends further weight to the 
seokabiline that hepatomas can be in- 
duced with nonnecrotizing doses. 

The question of the role of necrotiz- 
ing doses in the induction of these tu- 
mors can be attacked in still another 
fashion by a comparison of the tumor 
incidence in relation to dose in mice re- 
ceiving 120 doses with that of mice re- 
ceiving 30 divided doses of the various 
solutions. Complete resistance or in- 
sensitivity to necrosis was developed in 
all mice that received 120 doses of each 
solution, whereas a comparable reaction 
was noted in some of the mice only that 
received 4 times as much carbon tetra- 
chloride per dose for a total of 30 doses. 
If one takes the conservative attitude, 


the tumor incidence was no different; 
or if one considers the observed dif- 
ference in tumor incidence to be signif- 
icant, it was even lower in those that 
received more necrotizing doses. This 
fact suggests that other factors in dos- 
age conditions are more important than 
the presence or absence of necrosis. A 
comparison of dose-response data for 
carbon tetrachloride and chloroform 
suggests that the carcinogenic proper- 
ties of these agents are more closely re- 
lated to those properties that cause liver 
necrosis than to the ones responsible for 
their anesthetic action. Under condi- 
tions similar to those of the present ex- 
periment, the minimum neh nega 
tion dose of chloroform was also the 
minimum necrotizing dose (//). For 
chloroform this dose was 4 x 10-4 ee. per 
gram body weight per dose, and for car- 
bon tetrachloride between 1.0 and 0.5 x 
10-* ee, per gram body weight per dose. 
In each instance, 30 doses were given at 

t-day intervals, with necropsy 30 days 
ome the last dose. The narcotic activ- 
ity of the two chemicals, however, is of 
the reverse order, a far smaller amount 
of chloroform than of carbon tetrachlo- 
ride being required to produce a given 
depth of anesthesia (25). 

The present data, together with the 
following data, emphasize the impor- 
tance of the time over which a given 
total amount of carbon tetrachloride is 
administered, in the induction of hepa- 
tomas. Carbon tetrachloride remains 
in the body a short time, probably not 
longer than 24 to 30 hours (22), in con- 
trast with many of the carcinogenic 
agents. Edwards and Dalton (26) ob- 
served no hepatomas in strain A mice 
when 0.12 cc. of carbon tetrachloride 
was administered in three divided doses 
in 1 or 2 weeks. On the other hand, 
these authors found that when mice 
were given 0.005 ec. of this agent 2 to 3 
times per week for a total of 0.125 to 
0.145 ec. (a comparable amount) over 
a space of 2 to3 months, hepatomas were 
found in 70 percent of the animals. 
Subsequently, we (70) observed that 
when strain A mice were given 30 doses 
of a given size at intervals of 1 day, no 
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hepatomas were found 150 days after 
the first dose. Mice receiving 30 such 
dloses at intervals of 2 or 3 days had a 
hepatoma incidence varying between 30 
and 70 percent depending upon the size 
of the individual doses; whereas when 
30 such doses were given at intervals of 
t or 5 days, nearly all mice had hepa- 
tomas 150 days after the first dose. 

In addition to the factors of total dose 
and total time over which divided doses 
are administered, there is an additional 
factor of rate of intermittency of treat- 
ment (number of doses and interval be- 
tween doses) that should be considered. 
Our previous experiments (//) using 
carbon tetrachloride suggested to us 
that intermittent treatment might be 
more effective than continuous exposure 
in the induction of neoplasia of the liver 
with this agent. The idea of intermit- 
tent treatment seemed attractive be- 
cause of the course of necrosis and re- 
pair observed after a single dose. Thus, 
if the cyclic process of necrosis and 
repair were an important and necessary 
prerequisite for the induction of hepa- 
tomas with carbon tetrachloride, it 


would seem that a given dose would be 
more effective if given at a time after 
the previous dose when repair of the 


liver had begun. A consideration of 
the time of onset of repair following a 
single dose (fig. 1) and a comparison 
of the data on tumor induction after 
120 daily doses and following 30 
doses given at 4-day intervals mitigate 
against the importance of the factor of 
intermittent treatment under the condi- 
tions of these experiments. 

An acquired relative resistance of the 
liver to various toxic agents has been 
reported under several conditions. 
Following their recovery from partial 
hepatectomy, rats showed a relative re- 
sistance to the hepatotoxic action of 
carbon tetrachloride (4) and of chloro- 
form (7). <A relative resistance of the 
liver to carbon tetrachloride also re- 
sulted from antecedent ligation of bile 
ducts in eats (27). After recovery 
from necrosis caused by uranium ni- 
trate, the livers of dogs showed a rela- 
tive resistance to that agent and to 


chloroform (28). The quantitative 
histologic studies (tables 2 and +4) on 
the resistance of liver to the hepatotoxic 
action of carbon tetrachloride 1 month 
after an initial dose are in accord with 
these reported observations. The find- 
ing that during the course of chronic 
feeding with carbon tetrachloride, the 
livers of mice develop a relative resist- 
ance to its lethal action (fig. 2) and 
that the hepatomas are completely re- 
sistant in this respect, suggests that the 
mechanism of neoplastic change here 
might be connected in some way with 
the mechanism of the development of 
such relative resistance. Yet these two 
phenomena, development of resistance 
and neoplastic change, may be coinci- 
dental bearing no causal relationship. 
For instance, the liver cells may develop 
a relative resistance by the acquisition 
of some new components and the tu- 
mors may become insensitive to the 
necrotizing action by loss of certain 
specific components that characterize 
normal liver cells. The latter appears 
possible in the light of Greenstein’s en- 
zyme studies on hepatomas and other 
neoplasms (29). It was felt unwise, 
therefore, to draw any conclusions. 

In connection with the development 
of a relative resistance of the liver to 
the necrotizing action of carbon tetra- 
chloride, the report of Lamson and 
Wing (30) on the effect of this agent 
on certain liver-function tests is of in- 
terest. They found an increase of bile 
pigments in the blood, a decrease of 
blood fibrin, a reduced tolerance to levu- 
lose, and a slowed clearance of phenol- 
tetrachlorphthalein 48 hours after a 
single large dose of carbon tetrachlo- 
ride. When the same dose was repeated 
every other day, these values returned 
to normal after about 2 weeks and re- 
mained normal, despite histologic evi- 
dence of repeated necrosis and the de- 
velopment of early cirrhosis. 

In addition to the finding of a less- 
ened degree of necrosis in relation to 
dose after chronic administration of car- 
bon tetrachloride is the observation that 
the necrosis no longer follows a regular 
centro-lobular pattern. The liver lo- 
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bule is looked upon as the functional 
unit of the liver. Certain toxic sub- 
stances (carbon tetrachloride and other 
chlorinated hydrocarbons, tannic acid, 
etc.) characteristically produce uniform 
necrosis in the center of the liver lobules 
while others (phosphorus, etc.) produce 
uniform necrosis of the periphery of the 
lobules. The localization of necrosis 
produced by a hepatotoxic agent might 
be considered to reflect a localization of 
different functions in different parts of 
the lobule, whether this is caused by 
differences in liver cells or differences in 
the blood supply that they receive, or 
both. Such a consideration would carry 
with it the implication that subsequent 
* chronic administration of carbon tet- 

‘achloride there is an architectural dis- 
arganisation of the liver with respect 
io certain functions. Whether this is 


related to the development of hepato- 
mas that are relatively devoid of the 
enzyme pattern that characterizes nor- 
mal liver (29) is an interesting question, 
but pure speculation at present. 

While we have not been concerned 
primarily with the problem of cirrhosis 


of the liver, certain observations indi- 
cate that recognizable, repetitious ne- 
crosis and repair may not be necessary 
for the production of cirrhosis of the 
liver with carbon tetrachloride: that is, 
provided that an increase of reticulum 
in the liver following small doses rep- 
resents the same mechanism as do the 
increasing amounts of reticulum fibers 
and also of collagen, with distortion 
of the lobular architecture, which are 
found with increasingly larger doses. 
In the present studies, the livers were 
examined 1 month after the last dose of 
carbon tetrachloride. In all animals 
that had received 120 doses of the 1-, 
14-, and 14-percent solutions of carbon 
tetrachloride, reticulum stains revealed 
distortion of the lobules and large 
amounts of reticulum fibers. There is 
good reason to believe that animals re- 
ceiving the 14-percent solution did not 
suffer from repeated liver necrosis. In 
addition to this finding, however, fine 
reticulum fibers in excess of normal ones 
were consistently found — scattered 


692866 46 6 


throughout the lobules of the livers of 
animals that had received 120 doses of 
the 144-percent solution of carbon tetra- 
chloride. There was no distortion of 
the lobular architecture of the liver af- 
ier the administration of this solution. 
We do not believe that these animals at 
any time received a dose of carbon tetra- 
chloride large enough to produce any 
otherwise recogni rable di An iging effect 
on liver cells. None of the e -ontrol ani- 
mals that received 120 doses of olive oil 
had any increase of reticulum fibers 
over that in untreated mice. 

Of further interest is the similarity 
of livers of mice that received 120 or 
30 doses of a given solution. Mice given 
the latter dose at 4-day intervals re- 
ceived 4 times as much carbon tetrachlo- 
ride per dose as did those given 120 daily 
doses. This difference in quantity of 
agent per dose also reflects a difference 
in the absence, presence, and degree of 
necrosis. These observations suggest 
that with intermittent exposure to car- 
bon tetrachloride, the total amount ad- 
ministered and the total time involved 
are more important factors than is the 
size of individual doses (or the pres- 
ence or absence of necrosis) in the pro- 
duction of cirrhosis of the liver as well 
as in the induction of hepatomas. Cau- 
tion should be exercised, however, in 
attaching any significance to apparent 
correlations bet ween cirrhosis and hepa- 
toma induction, from the present data. 
An example of the need of such caution 
is in the case of cirrhosis and hepatoma 
induction in rats fed p-dimethylamino- 
azobenzene. Earlier studies with this 
compound indicated an apparent cor- 
relation in the occurrence of these two 
hepatic changes. Later studies by 
White and Edwards (37) showed that 
by dietary means cirrhosis could be di- 
minished in incidence and degree, with- 
out an equal reduction in the incidence 
of hepatomas. 

The question of the necessity of re- 
peated necrosis of the liver in the induc- 
tion of hepatomas with carbon tetra- 
chloride might be settled more conclu- 
sively by using a larger series of animals 
or by feeding them over a longer period. 
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Such an undertaking cannot be consid- 
ered lightly since the present experi- 
ments involved over 7,000 stomach-tube 
feedings to mice. We have undertaken 
to throw further light on this question 
in another way. Edwards, Heston, and 
Dalton (32) induced hepatomas in 
strain L mice with carbon tetrachloride; 
we* have found ‘that the necrosis 


range in relation to dose of the agent in 
this strain differs from that in strain A. 
The experiments presented herein are 
being repeated using strain L mice. 


SUMMARY 


Experiments are reported which 
an attempt was made to determine the 
relationship between repeated liver ne- 
crosis and chronic regeneration and the 
induction of hepatomas in strain A mice 
with repeated oral administration of 
carbon tetrachloride. 

A quantitative histologic study was 
also made of the course of necrosis and 
repair im the liver following a single 
necrotizing dose. The percent of liver 
necrosis in relation to dose was deter- 
mined, 

While it was found that a correlation 
exists between the degree of liver necro- 
sis and the incidence of hepatomas in 
relation to dose, the use of a graded 


‘Unpublished data 


series of necrotizing and nonnecrotizing 
doses indicated that repeated liver ne- 
crosis and its associated chronic regen- 
erative state are probably not necessary 
for the induction of tumors with carbon 
tetrachloride. 

Under the same experimental condi- 
tions, the minimum necrotizing and 
tumor-inducing doses for carbon tetra- 
chloride were less than those for chloro- 
form while the relative anesthetic activ- 
ity of these two chemicals was of the 
reverse order. 

During the course of chronic admin- 
istration of carbon tetrachloride, the 
livers developed either relative or com- 
plete resistance or insensitivity (de- 
pending on the dose) to the necrotizing 
action of the agent; the hepatomas were 
completely insensitive or resistant. Fol- 
lowing a single dose, the liver necrosis 
was uniformly centro-lobular. After 
chronic administration of the agent, 
the liver necrosis was around central 
veins, mid-zonal, or adjacent to portal 
veins and bile ducts. 

There was a correlation between the 
dose of carbon tetrachloride chronically 
administered and the degree of lobular 
disorganization and amount of reticu- 
lum fibers deposited in the liver. Slight 
increase of reticulum fibers was ob- 
served after the chronic daily adminis- 
tration of sub-necrotizing doses of the 
agent. 
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INTRODUCTION 


Observations on the effect of N-radi- 
ation on the testes are uniform in dis- 


closing degeneration of spermatogenic 


elements as the most prominent feature. 
There is much difference of opinion, 
however, on the nature of the apparent 
change in quantity of interstitial tissue. 
It is obvious that there is a differential 


effect on these two chief components of 


the organ since the relative areas of the 
two in a histologic section are changed 
following irradiation. With decrease 
of cellularity and of the diameter of the 
tubules, there is an apparent increase of 
interstitial — tissue. The question 
whether this apparent increase is real 
or relative does not appear to have been 
answered satisfactorily. 

No attempt has been made to review 


the voluminous literature on this ques- 
tion, but in publications that have been 
surveyed differences of opinion and ab- 
sence of quantitative data were found 


(1,2). The question is of considerable 
practical importance since radiation is 
used in investigations on interrelation- 
ships of various endocrine secretions 
(2, 3). The present paper deals with 
the application of Chalkley’s quantita- 
tive method for morphologic analysis 
of tissues to this problem. It was found 
that there is no absolute increase of in- 
terstitial tissue after whole-body irra- 
diation of the mouse when doses sufli- 
cient to produce severe degeneration of 
permatogenic elements are employed. 


MATERIALS AND METHODS 


LAF, hybrid male mice from colonies 
maintained at the National Cancer In- 
stitute were used. They were approxi- 
imately 2 months of age at the beginning 
of treatment. The mice were irradiated 
or other purposes, hence the irradiation 
conditions were somewhat different in 


the two experiments reported herein, al- 
though not important for the present 
purposes. There were two groups of 
irradiated animals, one group that re- 
ceived a total dose of 300 r (air) over 
a period of 6 weeks and the other a total 
dose of 600 r (air) over a period of 11 
weeks. Two groups of nonirradiated 
mice of the same ages were used as con- 
trols. Ten irradiated and ten nonirra- 
diated mice were used in each experi- 
ment. 

The whole-body irradiation was 
given under the following conditions: 
tube voltage. 170 kv. peak; tube current, 
20.0 ma.: filter, 1.0 mm. copper and 
1.06 mm. aluminum: and focus to mid- 
dle of mouse, distance 105 em. The dose 
of 300 r (air) was administered at the 
rate of 10 r in 1.82 minutes 5 times per 
week, and of 600 r (air) at the rate of 
8.8 rin 1.65 minutes 6 times per week. 


EXPERIMENTAL PROCEDURE AND 
RESULTS 

Control and irradiated mice were 
killed by cervical dislocation 14 hours 
after the latter group had been irradi- 
ated. Both testes of each animal were 
carefully dissected free of the epi- 
didymis and fat and were weighed to- 
gether on a torsion balance. They 
were fixed in Zenker-formol 4 to 5 
hours, washed in running water 15 to 
16 hours, and then placed in 80 percent 
ethyl alcohol. After several days, one 
testis of each animal was cut longitudi- 
ni lly and the other transversely. The 
halves were placed in 80 percent alcohol 
in a commercial tissue-changing device 
and dehydrated in progressive ‘changes 
of alcohol, cleared in cedar oil, infil- 
trated with xylol-paraffin, and em- 
bedded in paraffin, m. p. 56°—58°. The 
duration of exposure to each solution 
was the same for each group of tissues. 
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Figure 1.—Point pattern as seen in making 
measurements. Upper left pointer is on a 
connective-tissue-cell nucleus; the upper 
right on space; lower left pointer on the 
nucleus of an interstitial cell; the lower 
right one on the nucleus of one of the 
spermatogenic elements. The reading is 1 
hit on interstitial tissue, 2 hits on other 
tissue, and 1 on space. From testis of a 
mouse exposed to 600 r. x 700. 


In the embedding, a specially designed 
tray (4) was used, in which the tem- 
perature of the melted paraffin was con- 
trolled thermostatically, and the total 
time of exposure of the tissues to the hot 
paraffin was held within close limits. 
These precautions were taken to ensure 
that the shrinkage incident to the vari- 
ous procedures was as uniform as possi- 
ble. All sections were cut 6, in 
thickness. Mallory’s aniline blue with 
acid fuchsin counterstain was used on 
all sections because of its clear difieren- 
tial staining of interstitial cell cyto- 
plasm and other tissue elements. 
Quantitative histologic analysis of 
the testes was carried out according to 
Chalkley’s method (5). Sections were 
examined with a 4-mm., 0.95 N. A. apo- 
chromat objective (* 47.5) and X 15 
compensating oculars. One ocular was 
fitted with four pointers made of fine 
silver wire. The small diameter of the 


pointers allowed rapid and easy identi- 
fication of the tissue element that they 
touched. The arrangement of the 
pointers is shown in figure 1. One lon- 
gitudinal section of one testis and one 
cross section of the other were each 
scanned with 250 microscope fields 
chosen at random in progressive series 
of paths, also chosen at random, in the 
two planes afforded by the mechanical] 
stage of the microscope. At the mar- 
gins of the sections, a field was used 
only if all pointers rested upon or with- 
in the limits of the capsule of the testis. 
Three types of ratios were determined : 
(1) Interstitial-cell cytoplasm or nu- 
cleus; (2) other tissue elements (sper- 
matogenic elements, connective-tissue 
cells, or blood vessels, amorphous ma- 
terial, ete.); and (3) space due to 
shrinkage, regardless of its occurrence 
in relation to various tissue elements. 
One thousand random hits were made 
on each section, or a total of 2,000 on 
each pair of testes. A representative 
count of this type is shown in table 1. 
Duplicate counts were made in several 
instances by 2 different observers, with 
errors of less than 2 percent. 


TABLE 1.—Sample of Chalkley count on 1 
longitudinal section of a testis of a mouse 
exposed to a total of 300 r' 





Tissue other than 


4 , al tissue 
interstitial Interstitial tissue 


total 


Accumulated | 
average 
Accumulated | 
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252 
339 
427 
510 
589 
674 
766 
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1 The variation in individual groups of 100 hits and t! 
relative uniformity of the accumulated averages as the tot 
of 1,000 hits is approached, should be noted. 


The percent of the area of each sec 
tion comprising interstitial cells wa 
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calculated by dividing the total number 
of hits on interstitial cells by the total 
number of hits on all tissue elements 
(disregarding hits on space). The 
weight of the pair of testes in milli- 
grams Was then multiplied by the per- 
cent of interstitial-tissue area for the 
sections of the testes, and a calculated 
total weight of interstitial tissue for the 
testes of each mouse ‘was obtained. 


These values are given in table 2. See- 
tions of a testis from a mouse of the 
600-r group and of a normal mouse of 
the same age are shown in figure 2. 


Taste 2.—Effect of 300-r and 600-r whole- 
body X-radiation on the testes of mice 





Body Testes 


Interstitial tissue 
weight weight ‘ 


Group 


Grams | Milligrams, Percent Milligran s 

yntrols for | 31 220 5.15 11. 37 

MO-r mice. | 3: 210 5.81 13. 13 
218 5. 92 . 65 
204 4. 68 91 
208 33 67 
221 38 9. 65 
2265 52 50 
180 32 9. 41 
212 465 9.11 
200 5.19 


Average 32+ 210+13. 2 &S 


(-r mice 2 4 21 
90 AO 
33 


sa 
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Average 


yntrols for 
600-T mice. 


Average 


hr mice 


Average. 30+3.05) 60.645.7) 19. 86+4. 28 11. 7142. 39 





1 anin. ed before experiment was trminated 


DISCUSSION 


In these studies several assumptions 
are made, It is assumed that a cross sec- 
tion or a longitudinal section of a testis 
is a reasonably representative picture 
of conditions prevailing in the testis as 
a whole. The ideal study would be to 
determine the relative areas of intersti- 
tial and other tissue in each of a com- 
plete set of serial sections. Obviously, 
this is out of the question for practical 
purposes ; some limitation of detail must 
be exercised. It would not be too time- 
consuming to analyze 20 sections of a 
given pair of testes from a normal 
mouse and 20 sections of a pair from an 
irradiated mouse. It was considered, 
however, that the variation bet ween dif- 
ferent sections of a given testis would 
not be so large as the variation between 
the testes of different mice. For this 
reason, 2 sections from each of 10 irra- 
diated and 10 control mice were studied 
for each of the 2 doses of irradiation. 
Since the main objective of the study 
was te compare the testes of irradiated 
and nonirradiated mice rather than to 
establish absolute values, and since it 
was decided to analyze a single section 
from each testis, a section through the 
maximum diameter of the organ was 
chosen. 

The total weight of interstitial tissue 
per mouse was calculated by multiply- 
ing the fresh weight of each pair of 
testes by the percent of the total mass 
of the testes comprising this tissue as 
determined on fixed and dehydrated tis- 
sue histologically. It must therefore 
be assumed that the relative water con- 
tent of irradiated and nonirradiated 
tissues was the same. 

Testes that are exposed daily to the 
injurious effects of radiation and show 
extensive degeneration of spermato- 
genic elements might have a more active 
circulation than normal. This would be 
reflected in a slight discrepancy in the 
calculation of results. Blood vessels 
and their contents were included in the 
general category of tissue other than 
interstitial in our determinations, It 
would be hard to visualize that such a 
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FIGURE 2,—Sections of testis of A, a normal mouse, and B, a mouse exposed to a total dose of 
600r administered over a period of 2 months. Mallory aniline blue with acid fuchsi: 
counterstain. Photographed with light green filter (interstitial tissue black). X 70. 
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discrepancy due to differences in circu- 
lation could nearly approach the mag- 
nitude of differences found in the rela- 
tive percent of interstitial tissue in the 
control mice and those that had been 
exposed to a total dose of 600 r (5.12 
0.74 as compared with 19.80+4.28). On 
the other hand, it would be hazardous 
to attempt to obtain any quantitative 
data on the relative circulation of the 
normal and experimental testes with 
the use of histologic sections prepared 
in the customary manner. Algire and 
enters (G) in their studies on the 

‘ascular reactions of normal and malig- 
vn tissues in vivo point out that “the 
usual pathologic preparations give a 
completely erroneous idea of the vas- 
cular supply.” 

Chalkley’s method is a valuable aid 
for studies such as these. Another 
method of approach would be that of 
making a large series of photographs 
or camera lucida dr: iwings covering all 
of a section of the testis, followed by 
the measurement of relative areas of 
different tissue components by means of 
a planimeter. A complete or nearly 
complete set of such photographs or 
drawings would be necessary in view of 
the variation from field to field. To ap- 
proach the fine differentiation of reticu- 
lum fibers and blood vessels associated 
with each small area of interstitial tis- 
sue under the high magnification pos- 
sible with Chalkley’s method, the num- 
ber of photographs or drawings ob- 
tained with the alternative method 
would be so great and the procedure so 
time-consuming as to be prohibitive. In 
his original publication, Chalkley (5) 
showed a close correlation between the 
values obtained by using the two meth- 
ods for determining nuclear-cytoplas- 
mic ratios of liver cells. 

A comparison of the calculated 
weight of interstitial tissue of the two 
groups of irradiated animals and their 
respective nonirradiated controls of the 
same age revealed a close correlation for 
the 600-r but not for the 300-r group. 
The latter had less interstitial tissue 
per animal than their controls. While 
ordinarily we consider male mice to be 


sexually mature at 2 months of age, 
when the irradiation was be gun, the av- 
erage testes weights for the control ani- 
mals at 3 and 4 months of age were dif- 
ferent, as were also the percent values 
for interstitial tissue determined his- 
tologically. We have quantitative data 
which show that the difference bet ween 
2 and 3 months of age is much greater. 
We must assume that further sexual 
maturation takes place in the testes af- 
ter 2 months and also after 3 months. 
The who!* body irradiation might thus 
have re « the rate of maturation. 
whether through local effects, general 
systemic effects, or both. In both series. 
the irradiated mice had a lower average 
body weight than had their respective 
controls of the same age. 

This study emphasizes a fact that is 
generally understood but commonly 
over-looked: How much we depend 


upon relative rather than absolute val- 
ues In viewing sections through the mi- 
With the exce ption of the use 
of a comparison eyepiece fitted to two 
mic roscopes, In comparing sections we 
depend upon visual memory in passing 


croscope. 


from one slide to the next. We compare 
the size of a particular object with the 
size of the microscope field and with the 
size of other components of a section. 
The former comparison is complicated 
if we change from one magnification to 
another when a small portion of a sec- 
tion arouses our interest. With a lack 
of absolute values in such a comparison, 
anticipation of the fulfillment of our 
preconceived theories tends to have a 
distorting influence on our final conelu- 
sions. These hazards of microscopy can 
be eliminated by the use of Chalkley’s 
method. A wider application of this 
method offers a partial solution to sorely 
needed quantitative methods in histol- 
ogy and pathology. 


SUMMARY 


The exposure of mice to doses of X- 
radiation sufficient to produce severe 
damage of spermatogenic elements re- 


‘Unpublished data 
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sulted in an apparent increase of inter- testes of normal and irradiated mice. 
stitial tissue. Chalkley’s method for It was found that the apparent increase 
the quantitative morphologic analysis of interstitial tissue in the testes of irra- 
of tissues was used in a study of the diated mice is relative and not absolute. 
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INTRODUCTION 


Although the causal role of radia- 
tions in cancer of several organs and 
tissues is a well-established fact, the 
relation of radiation to pulmonary tu- 
mors of man and of experimental ani- 
mals has not been proved. This 
problem is of considerable clinical im- 
portance as it is generally believed that 
the high incidence of pulmonary tu- 
mors of bronchiogenic origin in the 
miners of Schneeberg and Joachimsthal 
is caused by the radiation from radon 
inhaled over long periods. However, 
in a recent review by Lorenz (/) deal- 
ing with this problem, the author came 
to the conclusions that the opinion that 
radon is the sole cause of the lung can- 
cer of the miners cannot be maintained, 


and that it is doubtful from the experi- 


mental material known at present 
whether or not radon can induce lung 
tumors in experimental animals. Long- 
term experiments, in which animals in- 
hale radon, are difficult to carry out. 
However, since the primary reaction of 
all radiation is the same, namely, the 
formation of ion pairs in the tissues, a 
biologic end effect, such as tumor for- 
mation, if found with one radiation 
(a particles ) will also be produced by 
other radiations (e. g., X- or y radia- 
tion). It is difficult to ascertain 
whether or not the same amount of ab- 
sorbed energy per gram of tissue will 
produce the same biologic effect as the 
on-pair density along the path of an a 
particle is much greater than the ion 
lensity along the path of a photoelec- 
ron or recoil electron from X- or y 
rays. Hence a minimum dose neces- 
ary to induce tumors with y radiation 
nay give only an upper limit for the 
iecessary absorbed energy; and thus 
ossibly smaller amounts of absorbed 
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a-ray energy may produce the same ef- 
fect. 

The only available study in which 
the effects of X-rays and y rays on pul- 
monary tumors in mice were noted was 
made by Furth and Furth (2). The 
authors subjected mice of different 
strains to massive doses of X-rays or 
continuous y radiation for periods up 
to 2 years. However, differences be- 
tween incidence of lung tumor in irradi- 
ated and control animals are not statis- 
tically significant. 

In order to set up an experiment for 
the study of the effects of radiations 
(X-rays or y rays) on pulmonary-tu- 
mor incidence, the following points 
should be considered. Heavy single or 
repeated doses of X-rays (1,000 to 10,- 
000 r) will cause transient pneumonitis 
(Warren (3) ), which makes the animals 
prone to infection. Long-continued 
exposures are preferred. Such expo- 
sures will make the experiments resem- 
ble more closely the conditions encoun- 
tered in the continuous exposure of 
human beings. Furthermore, experi- 
mental animals should be chosen which 
have a high incidence of spontaneous 
lung tumors. Such animals are strain 
A mice, in which the incidence of spon- 
taneous lung tumors has been studied 
(Bittner (4), and Heston (5)). In or- 
der to obtain statistically significant 
differences, comparatively large num- 
bers of animals should be used. This 
makes it impracticable to submit lung 
tissues only to long-continued expo- 
sures. Total-body irradiation must be 
used, and the rate at which the dose is 
administered must be limited to such 
values that it does not considerably de- 
erease the life span of the experimental 
animals. 
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MATERIALS AND METHODS 


Sixty strain A mice (35 males and 25 
females) were used as experimental an- 
imals, and the same number as controls. 
They were obtained from the National 
Cancer Institute stock in which Heston 
(5) studied the spontaneous incidence 
of pulmonary tumors. They were from 
1 to 2 months old at the beginning of 
the experiment (May 10, 1944) and 
were divided among the experimental 
and control groups in such a way that 
the age distribution of the animals was 
the same in both groups. The mice were 
kept in wooden boxes, 8 to 10 animals 
in each. The boxes were made of pine 
board, 1 em. thick, with inside dimen- 
sions of 28x 18x15 em. A small food 
hopper of galvanized iron was placed in 
the middle of each side board. The top 
of the boxes consisted of wire netting 
of 8-mm. mesh, nailed to a wooden 
frame. Drinking water was adminis- 
tered to the mice in wide-mouth bottles 
of 100-ce. capacity, closed by a rubber 
stopper, into which a glass tube approx- 
imately 8 mm. in diameter and 10 em. 
long was inserted. The bottles were 
supported by the wire netting, with the 
drinking tubes approximately 5 em. dis- 
tant from the food hoppers along the 
midline of the cage. This arrangement 
was chosen to compel the mice to spend 
as much time as possible along the mid- 
line of the cage. 

A detailed description of the irradi- 
ation arrangements will be given in a 
subsequent paper. For the purpose of 
this experiment, a brief outline is suffi- 
cient. The source of radiation was ra- 
dium sulfate ' contained in a capsule of 
platinum, 40 x 6.4 mm., 0.5 mm. thick. 
In equilibrium it has an external y radi- 
ation equivalent to that of 992.5 mg. of 
radium element. The geometric center 
of each box of experimental animals 
was placed at approximately 80 em. 
from the seurce. At this distance, the 
y-ray intensity at the midpoint of the 
box was determined with Victoreen 


'Loaned by the Canadian Radium and Uranium 
Corp. New York, N. Y. 


0.25-r and 25-r* ionization chambers to 
be 1.1 ry (air) per hour. Because of the 
varying distance of the different points 
inside the box from the source, the y ray 
intensity varied from point to point, 
the maximum variations being approx- 
imately + 10 percent. Since the mice 
were forced to feed and drink along the 
midline of the cages, the variations in 
total doses among the different experi- 
mental mice was probably somewhat 
smaller than + 10 percent. The ani- 
mals were irradiated for 8 hours daily. 
The experiment was terminated on Feb- 
ruary 21, 1945; at that time the surviv- 
ing animals had been exposed for 287 
days, and the total dose amounted to 
2500 ry = 10 percent. 


RESULTS 


Prior to the date on which the experi 
ment was terminated, 17 irradiated ani- 
mals and 5 controls had died from tu 
mors or other causes or had been killed 
because of appearance of tumors. His 
tologic sections showed that 6 of these 
experimental mice (4 males and 2 fe- 
males) had developed malignant 
lymphomas, 5 of which were of medias 
tinal origin. One male developed a sali 
vary-gland tumor and one female a 
mammary carcinoma. Total doses given 
to these 6 animals ranged from 1,900 to 
2,300 ry. None of the 5 controls that 
died or were killed showed malignant 
lymphoma microscopically. Two had 
salivary-gland tumors. 

When the surviving animals wer 
killed, none showed malignant lymph 
oma grossly. Specimens of tissue 
other than lung tumors were taken onl) 
from a few animals, experimental an 
control, selected at random. Not 
worthy histologic findings were absenc 
of follicles in the ovaries and atrophy 
of spermatogenic elements of the teste 

To ascertain the incidence of lung tu 
mors, the lungs of each animal we! 
placed under a dissecting microscop: 
and the number of nodules appearin 
on the surface of the lungs of each an 


? Calibrated by the Bureau of Standards w 
X-rays. 
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mal was recorded. Each nodule was 
sectioned for histologic examination. 
The results, given in table 1, are based 
upon microscopic findings. 

The increase of lung-tumor incidence 
n the experimental mice over that of 
the controls is statistically significant 
(y°=8.74; P< 0.01), as is the increase 
in animals with more than one lung 
tumor in comparison with animals with 
ae ee ee 

In the table, the animals are not sepa- 
rated according to sexes, as the distri- 
bution of males and females was ap- 
proximately the same in the experimen- 


TABLE 1.—I ncidence of pulmonary tu 


IN 


1 
25 


20 
WEEKS 


30 35 


—Weight of experimental and control females. 


tal and control animals. Furthermore, 
there is no significant sex difference in 
lung-tumor incidence according — to 
Bittner (4). The lung-tumor incidence 
of 47 percent in the control animals is 
in agreement with the incidence of 53 
percent given by Heston (5) for ani- 
mals 12 months of age, and 42 per- 
cent given by Shimkin (4) for animals 
10 months of age. 

The weight of the experimental ani- 
mals was apparently not affected by the 
irradiation. Figures 1 and 2 give the 
weight curves for the surviving males 
and females (experimental as well as 


mors in experimental and control animals 





Number 
Group at 
wuLOpsy 


Months 
1044 to 1142 
1042 to 114 


perimental 
ntrol 2 


Mice showing given number of nodules 
per individual rumor 

inci- 

dence 


Number Number Number Number Number Percent 
10 17 z 6 3 76. 7 


29 20 6 None None 47.3 





23 males and 20 females. 


? 30 males and 25 females 
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The animals were 
week. The points 
average of 4-week 


control animals). 
weighed once a 
plotted are the 
periods. 
DISCUSSION 


The carcinogenic action of y radia- 
tion on lung tissue is difficult to under- 
stand, since lung tissue is only moder- 
ately radiosensitive. It is not likely 
that pneumonitis which follows heavy 
doses of radiation can play any impor- 
tant role with daily doses of 8.8 ry per 
8 hours. Histologic studies of normal 
lung tissue of these animals showed no 
sign of pneumonitis or any other 
change. The carcinogenic action of 
the radiation may be direct upon the 
lungs or it may be indirect through a 
systemic effect. Additional experi- 
ments are necessary to clarify this 
point. The experiments of Blum (8) 
give evidence against the formation of 
a permanent carcinogen by radiation. 

It was pointed out earlier that differ- 
ent radiations differ only quantitatively 
in their biologic effect. Since y rays 


increase the incidence of spontaneous 


pulmonary tumors in mice, « radia- 
tion emitted by radon and its decayed 
products should have the same ef- 
fect. Hence the findings of Rajewsky 
et al. (8), who claim to have induced 
tumors of the bronchial epithelium of 
mice after inhalation of radon over : 
long period of time, are not supported 
by these experiments. There is no con- 
vineing evidence in the literature that 
spontaneous adenomas or adenocarci- 
noma of the mouse lung arise from 
bronchial epithelium (9). 

What inferences can be drawn from 
these experiments as to the possibility 
that the incidence of lung tumors in 
man may be increased by ‘long- contin- 
ued irradiation? It is realized that any 
direct comparison between lungs of 
mice and those of human beings may 
not be justified because lung tumors in 
man are of bronchiogenic origin and 
those in mice are of alveolar origin, and 
the two may even have different etiolo- 
gies. (1) It must be pointed out that, 
in comparison with the chemical car- 


cinogens, radiation is of small potency 
as far as lung tissue is concerned. In- 
travenous injection of methylcholan- 
threne suspensions in amounts of 0.1 
mg. of methylcholanthrene produces 
numerous lung tumors (10) although 
the carcinogen maoied in the lungs 
is rapidly removed (77). (2) It should 
be noted that in these PsA so a 
strain of mice extremely susceptible to 
spontaneous pulmonary tumors was 
used. The incidence in strain A mice 
at 12 months of age is approximately 50 
percent, and this increases to approxi- 
mately 75 percent at 18 months of age. 
Compared with these data, the inci- 
dence of lung tumors in the human 
population is extremely low, smaller 
than 0.01 percent. Slye, Holmes, and 
Wells (72) make the following general 
statement: 

It seems that man exhibits lung tumors ex- 
ceptionally infrequently, and that mice show 
an even more exceptional prevalence of tu- 
mors of this organ. 

The dose of 2,500 ry of whole-body 
irradiation used in these experiments 
exceeds by far the dose human beings 
receive, constantly exposed to a small 
daily dose, e. g., the tolerance dose of 
0.1 r per day. In these experiments 
the total absorbed energy amounted to 
roughly 2 x 10° ergs per gram of lung 
tissue. The miners of Schneeberg 
Joachimsthal were exposed daily to a 
concentration of radon of 3 x 10° curie 
per liter for 20 years on an average. 
The absorbed energy per gram of lung 
tissue amounted to approximately 1 x 
10° ergs. It therefore seems that the 
high incidence of pulmonary tumors i 
the miners (approximately 50 percent 
of all deaths) cannot be attributed 
solely to the inhalation of radon. 

The experiment, however, suggest 
that the carcinogenic action of radia 
tion may also be weak on lung tissues of 
species other than the mouse and ther 
fore not detectable in species with a loy 
spontaneous incidence. 


SUMMARY 


Strain A mice of both sexes wer 
exposed daily for 8 hours to radiatio 





LUNG-TUMOR INCREASE IN MICE AFTER GAMMA IRRADIATION 


(8.8 ry). They were killed after 9¥ 


months of daily exposure, having re- 
ceived a total dose of 2,500 ry+10 per- 
The incidence of pulmonary tu- 


cent. 
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SULFHYDRYL GROUPS IN THE CATHEPSIN OF RAT 
LYMPHOSARCOMA 


By Mary E, MAver, senior biochemist, and J. W. THoMPson, pharmacologist, with the 
technical assistance of ANTOINETTE GRECO, National Cancer Institute, National Institute 
of Health, United States Public Health Service 


INTRODUCTION 


The functional role of the protein 
-SH group in the activity of many en- 
zymes Was the subject of critical reviews 
by Berson (7) and by Hellerman (2,3). 
Barron and Singer (4-6) recently found 
that many different enzymes which cata- 
lyze the carbohydrate, fat, and protein 
metabolism were proteins whose activi- 
ties depended upon —SH groups. Ear- 
lier studies in this laboratory (7-8) on 
the effects of oxidation-reduction con- 
ditions upon the in vitro proteolysis of 
normal and malignant tissues showed 
that the —SH groups of the digests 
were correlated with the catheptic ac- 
tivity. The evidence presented here, 
that the endocellular proteinase or 
‘athepsin of a neoplastic tissue is de- 
pendent upon the -SH groups of the 
protein-enzyme for hydrolysis of hemo- 
globin, is of particular interest in a 
study of the effect of oxidation-reduc- 
tion conditions upon the proteolytic en- 
zymes which probably function in the 
growth of normal and neoplastic tissues. 


EXPERIMENTAL PROCEDURE 

IDENTIFICATION OF SULFHYDRYL GROUPS 

In establishing the essential role of 
the —SH groups in the protein-enzyme 
nolecule, it was necessary to select a 
‘combination of reactions that would 
pecifically identify the —SH radical. 
Che so-called sulfhydryl reagents that 
iave been used to identify this group 
uy be divided into three general 
lasses according to their mode of reac- 
on: 

(1) Oxidation of the —SH radical. 
In this group are found molecular oxy- 
en with metal catalyst, iodine, iodo- 
benzoate, ferricyanide, and porphyr- 
uline. The rate of this oxidizing re- 
ction appears to be a characteristic of 
ie —SH groups of the different pro- 


tein-enzymes. The reversal of this re- 
action by reducing agents is limited to 
oxidations which have not proceeded 
beyond the disulfide stage and which, 
of course, have not attacked other parts 
of the protein-enzyme molecule. 

(2) Reversible mercaptide forma- 
tion. A group of derivatives of mer- 
curibenzoie acid, prepared by Heller- 
man (2), has been found to be of ex- 
ceptional service in the quantitative 
studies of several —SH enzymes. So- 
dium p-chloromercuribenzoate —inhib- 
ited urease in high dilutions forming a 
reversible mercaptide. 

Organic trivalent arsenicals form ad- 
dition-compounds with —SH_ proteins 
which are reversible thioarsenites. Bar- 
ron and Singer (5-@) used the deriva- 
tives of phenylarsenious acid, and they 
stated that the power of these arsenicals 


to combine with the —SH groups of 
some enzymes approached that of Hel- 
lerman’s p-chloromercuribenzoate. 


(3) Alkylation of —SH_ groups. 
Todacetic acid and iodacetamide appear 
to react with the —SH group to form 
thioethers according to the following 
equation : 


EnSH+ ICH.COOH—=> 
EnSCH.COOH + HI 


Intensive quantitative studies of the 
sulfhydryl groups in the proteins, espe- 
cially egg albumin, by Greenstein (4) 
and Anson (7/7) showed that the dif- 
ferent locations of the —SH groups in 
the protein molecule determine to what 
extent the sulfhydryl reagents will re- 
act in the case of each protein. Some 
proteins, such as egg albumin, give a 
positive nitroprusside test for —SH 
only after they have been denatured, 
On the other hand, native urease con- 
tains substituent —SH groups which 
continue to respond to the nitroprusside 
test after repeated recrystallizations of 
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the protein-enzyme (Sumner and Po- 
land (/1)). Furthermore, Hellerman, 
Chinard, and Deitz (72) found that all 
the —SH groups of urease were not es- 
sential for activity since iodacetamide 
or iodosobenzoate reacted with freely 
acting —SH groups without inhibiting 
the activity of the enzyme. 


PREPARATION OF ENZYMES 


The Murphy rat lymphosarcoma is 
particularly adapted to biochemical re- 
search because the rapidly growing tu- 
mor tissue can be readily separated 
from a small necrotic center. With 
slight variations, the procedures fol- 
lowed for the separation of the cathep- 
sin from the lymphosarcoma were the 
same as those described earlier for nor- 
mal and neoplastic tissues (13). The 
preparation was kept cold (8°-15°) 
throughout, and by avoiding the addi- 
tion of acids or alkalies the pH range 
of the tissues and extracts was limited 
to 5.0-6.6. One kilo of pooled, frozen 
lymphosarcoma tissue was put through 
an electrically run meat grinder four 


times and then stirred mechanically 
with 5 1. of 0.1 M potassium chloride for 


1 hour. The coarser tissue particles 
were removed by filtration through 
gauze, and the suspension was centri- 
fuged in the refrigerated centrifuge. 
The pH of the supernatant fluid was 
6.2. To the supernatant fluid 280 gm. 
of ammonium sulfate per liter was 
added to give 40-percent saturation. 
The precipitated globulin was _ first 
washed three times with cold 28 percent 
ammonium sulfate (the refrigerated 
centrifuge was used), and then was di- 
alyzed against cold (10°) running tap 
water. Activity tests showed that the 
supernatant fluid in the dialyzing sacs 
contained most of the active cathepsin 
of the tissues. The protein fraction 
with catheptic activity could be precipi- 
tated by 40-percent saturation of the 
supernatant fluid with ammonium sul- 
fate in most cases, although more am- 
monium sulfate was needed where the 
catheptic protein was in lower concen- 
tration. The precipitated catheptic 
fraction was dialyzed free from ammo- 


nium sulfate, and its solution was dried 
while frozen. The yields ranged from 
400 to 600 mg. of dried preparation per 
kilo of frozen tumor tissue. These 
preparations showed approximately 17 
times more catheptic activity per milli- 
gram nitrogen than did the original 
tumor tissues. Chemical analysis 
showed : Nitrogen, 15.32, 15.22 percent ; 
sulfur, 1.65, 1.75 percent; phosphorus, 
trace; protein nitrogen, 11.98 percent ; 
tyrosine color, 5.45 percent. Spectro- 
graphic analysis showed no more mag- 
nesium, manganese, iron, silicon, cal- 
cium, or copper than could be detected 
in once-distilled water. 
DETERMINATION OF CATHEPTIC ACTIVITY 

Three of the catheptic preparations 
made from lymphosarcoma tissues had 
the highest catheptie activity obtained 
as yet for rat-tumor tissue. In the pres- 
ent studies, two of these preparations 
were used, namely, lymphosarcoma 
cathepsin 2 and lymphosarcoma cathep- 
sin 5.!. The catheptic activities were de- 
termined by an adaptation of Anson’s 
technique (74). In order to learn 
whether the possible peptidase activity 
and the proteinase activity were affected 
differently by the inhibitors or activa 
tors, both the tyrosine liberated and the 
protein hydrolyzed were determined on 
the same digests which had been incu 
bated 90 minutes. This was considered 
ample time for the hydrolysis of the in 
itial split products of the proteinase. 
Since the optimal hydrogen-ion concen 
trations for the hydrolysis of peptones 
and many synthetic peptides range from 
4.2 to 5.5, the extent of peptide hydroly 
sis that would occur at pH 3.5 was not 
known. 

In the pretreatment of the enzymes. 
1 mg. of LSA2 or LSA5 was dissolve: 
in buffered solutions, and grade 
amounts of inhibitor or activator wer 
added in buffered solutions. The fina 
volume of enzyme solution was made 
ml. and held at room temperature fo 
definite periods. To this 1 ml. of e 
zyme solution was added 5 ml. « 


1 Hereinafter referred to as LSA2 and LSA 
respectively. 
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warmed, freshly prepared 2.5 percent 
crystalline horse hemoglobin solution at 
pH 3.5. After 10 or 90 minutes’ diges- 
tion at 39°, the unhydrolyzed protein in 
| ml. of the digest was precipitated with 
10 ml. of 0.3 M trichloracetic acid. After 
standing 15 minutes at room tempera- 
ture, the suspension was centrifuged and 
the supernatant fluid was filtered. The 
precipitates or in some cases aliquots of 
he filtrates were digested and analyzed 
for nitrogen by the micro-Kjeldahl tech- 
iique of Koch and McMeekin (15). 
Phe tyrosine colors produced in aliquots 
f the filtrate by the addition of the 
Folin-Ciocalteau phenol reagent were 
ead in a seca ws Aminco electro- 
shhotometer. The tyrosine color could 
iot be determined when glutathione or 
rivalent arsenic compounds were in the 
ligests since these reagents reduce the 
shhenol reagent. 

INHIBITORS OF CATHEPTIC ACTIVITY 

The p-chloromercuribenzoic acid used 
was prepared by Dr. Leslie Hellerman,? 
of the Johns Hopkins University School 
of Medicine. Commercial 0-iodosoben- 
zoic acid was purified according to the 
method of Hellerman, Chinard, and 
Ramsdell (76). The iodacetamide was 
prepared in this laboratory from chlor- 
acetamide and sodium iodide accord- 
ng to the procedure of Braun (17). 
The trivalent organic arsenical, 3-ami- 
no-4+-hydroxyphenyldichlorarsine — hy- 
drochloride was obtained from the Di- 
vision of Biologics Control, National 
Institute of Health. 

The concentrations of inhibitors and 
activators are given in micromoles 
(MX 10°) per milligram of enzyme in 

ml. buffer. The percent of inhibition 
was calculated by using the activity at 
pH 3.5 or pH 7.0 as 100 percent. 

REACTIVATION EXPERIMENTS 

After the inhibitors had been in con- 

ct with the enzymes in buffered solu- 

ms for 20 or 60 minutes at room tem- 

‘rature, different quantities of gluta- 

ione in neutral solution were allowed 


* We are indebted to Dr. Hellerman for generously 
nishing this compound. 


to remain in contact with the enzymes 
plus inhibitor for 10 minutes before ad- 
dition of the substrate. The effect of the 
same amounts of glutathione on the en- 
zymes without inhibitor was deter- 
mined. 
RESULTS 
TITRATION OF SULFHYDRYL GROUPS IN 
LYMPHOSARCOMA CATHEPSIN 

The total sulfhydryl groups in the 
lymphosarcoma-cathepsin preparations 
were titrated with sodium 1odosobenzo- 
ate after denaturation with guanidine 
hydrochloride according to the method 
described by Hellerman, Chinard, and 
Deitz (72) for urease. To a solution 
of 10 mg. of the dried cathepsin prepa- 
ration in 0.5 ml. M/15 phosphate buffer 
at pH 7.0 were added 1.5 ml. water, 0.5 
ml. M buffer at pH 7.0, and 1 gm. neu- 
tral guanidine hydrochloride. After 
30 minutes’ standing under nitrogen at 
room temperature, 3 ml. of 0.00204N 
sodium iodosobenzoate was added. 
After 2 minutes, 0.5 gm. potassium io- 
dide dissolved in 3 ml. N hydrochloric 
acid was added, and the iodine was 
titrated with 0.00208N sodium thiosul- 
fate: 2.42 and 2.45 ml. thiosulfate were 
required. These titrations indicated the 
presence of 1.09 and 1.03 micromoles 
of —SH in 10 mg. of enzyme prepa- 
ration. 

With the use of an outside nitro- 
prusside-test end point, the —SH 
groups of 10 mg. lymphosarcoma- 
cathepsin preparation, which was de- 
natured with guanidine hydrochloride, 
were found to combine with 0.93 ml. 
of 0.001 M_ p-chloromercuribenzoate. 
This indicated the presence of 0.93 mi- 
cromoles of —SH per 10 mg. of enzyme 
preparation. 

When freshly prepared, the LSA2 
and LSAS5 gave faintly positive nitro- 
prusside reactions in the undenatured 
state, but these reactions were negative 
within 1 month after preparation. 
INHIBITION OF CATHEPTIC ACTIVITY BY 

ACID AND ALKALI 

The activities of the lymphosarcoma 
cathepsins were inhibited to some ex- 
tent by exposure to acid, neutral, and 
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alkaline buffers (tables 1 and 2). This 
was a complicating factor since most 
inhibitors required a neutral or alkaline 
medium for reaction. In some cases, 
when the exposure to alkali had not 
been prolonged, these inhibited enzymes 
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might have been the result of the oxida- 
tion of sensitive —SH groups on th« 
enzyme-protein molecule. On standing 
in alkali, further disruption of the 
protein might have occurred. The ex- 
periments of Schiiffner and Truell 


(18) demonstrated the effects of acid 
and of alkali upon the specific activities 
of beef-liver-cathepsin preparations. 


could be partially or fully reactivitated 
by the addition of buffered solutions of 
glutathione. This inhibiting — effect 


TaBLe 1.—I nhibition of catheptic hydrolysis of hemoglobin by iodine, iodosobenzoate, and 


iodacetamide 


IODINE 





Pretreatment of enzyme H) drolysis 


Tyrosine liber- | Protein nitrogen 
ated hydrolyzed 
* Con- 
Enzyme Length) centra- | Diges- 
pH of ex- | tion of | tion 
posure | inhibi- | period 
tor | Amount 


Reactivation 


Con- 
centra- 
tion 
gluta- 
thione 


Protein nitrogen 
Inhibi- hydrolyzed 


Inhibi- 
tior Amount tion 


Amount; Percent 


Micro- | Min- 
moles ules Mg. | Percent Mg 
0 10 0. 687 0 1.40 
10 . 557 18. § 1. 104 1 
10 . 443 35.5 . 768 1 
10 . 264 é . 738 1 
10 . 399 . 840 | q 3 
f 3 
3 


Micro- 


Percent | moles 


Complet 


LSA 5 (1 mg 


10 . 228 6 . 720 
10 . 163 > . 610 


DENN go 92 99 gs 


90 . 386 2. 58 
90 067 23. 8&6 
90 . 733 47 O8 
90 957 30. § . 840 
90 739 46. . 924 
90 0 100 . 660 
90 0 100 


LSA 2 (1 mg 


3.! 
3. 
3. ! 


IODOSOBENZOATE 


90 1.23 

Ww . 965 
90 . 882 
90 . 844 
YO . 561 


4 5(i mg 
90 . 835 

90 723 

90 . 704 

90 . 633 

90 . 479 | 

90 . 389 68. < 





MIMINISISIs 


10 .37 | #O 
10 . 110 19. : 
10 953 30 
10 916 33. 2 


4A 2(2meg 


“1100 60 


IODACETAMIDE 


10 | 1.122 
10 | .949 | 
. 893 


JSA 5 (2 mg. 


“Isic 


3 | 
5 
04 

. 910 

. R51 


9 
2 
1 


3. 
1. 
1 


“Isr sIsI ce 
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ABLE 2. 


Inhibition of catheptic hydrolysis of hemoglobin by p-chloromercuribenzoate and 3-amino- 


4-hydroxy phenyldichlorarsine hydrochloride 


P-CHLOROMERCU RIBENZOATE 





Pretreatment of enzyme 


Con- | 
centra- 
tion of 
inhibi- 
tor 


Diges- | 
tion 
period 


Length 
of ex- 
posure 


pH 


| 
Micro- Min- | 
moles utes 
0 90 
0 90 
. 05 90 
.05 90 
-05 90 


vO 
05 90 
10 90 
. 20 


Esa sd stash 


Tyrosine liber- 


Amount 


Hydrolysis 


Protein nitrogen 


hydrolyzed Reactivation 


atec 


Con- 
centra- 
tion of 
gluta- 
thione 


Protein nitrogen 
Inhibi- Amount! hibi- hydrolyzed 
ton 7 tion 


Amount Percent 


Micro- 

Mg Percent 
1.43 0 

1.29 9.8 

91 36.5 Complete 

.91 36. 5 : 23.8 

91 36.5 5 37.4 5 0 


Percent 


1.115 0 
919 17.5 
40.8 

372 66, 


0 

1.18 10.7 
17 
29. 
36.2 


54 
91 
100 


}-AMINO-4-HY DROXYPHENYLDICHLORARSINE HYDROCHLORIDE 


20 

20 2.77 Complete 
20 } Do 
20 Do 





INHIBITION 
IODINE 


OF CATHEPTIC 
AND SODIUM 


ACTIVITY BY 
IODOSOBENZOATE 

Iodine, which is known to be a power- 
ful oxidizing agent, inhibited the ca- 
theptie activity in high dilutions when 
in neutral or alkaline mediums (table 1). 
In the acid solution, pH 3.5, much more 
iodine was required for the inhibition 
of the activity and oxidation of the 

SH groups. Reactivation with excess 
glutathione was practically complete in 
the case of the enzymes oxidized in acid 
medium but was very-slight in the cath- 
epsins oxidized at pH 7.0 where the sulf- 
hydryl groups may have been oxidized 
beyond the disulfide stage or where 
o her groups on the protein-enzyine may 
have been attacked. 


Increasing inhibitory effects were 


also found in the treatment of the en- 
zymes With increasing quantities of the 
oxidizing agent, sodium iodosobenzo- 
ate (table 1). 

There was no evidence that the oxi- 
dizing inhibitors had affected the hy- 
drolysis, as measured by the tyrosine 
liberated, differently from that meas- 
ured by the hydrolysis of the pro- 
tein nitrogen. The fact that the per- 
centage inhibitions measured by both 
methods were in fairly close agreement 
might indicate that the same —SH 
groups were essential for the peptidase 
and proteinase hydrolysis of hemoglo- 
bin at pH 3.5. It was interesting that 
the hydrolysis in the first 10 minutes 
was equivalent to approximately one- 
half the hydrolysis in 90 minutes. 
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INHIBITING EFFECT OF IODACETAMIDE 

Todacetamide was not effective as an 
inhibitor in dilute solution (table 1). 
When 20 micromoles of iodacetamide 
was used, only 43-percent inhibition of 
the catheptic activity was obtained. 
With these large quantities of inhibi- 
tors, groups other than the —SH groups 
might have been affected. Anson (//) 
reported that the proteinase activity of 
a preparation of liver cathepsin was not 
inhibited by 0.01 iodacetie acid at pH 
2.7, when casein and globin were used 
as substrates. Later Anson (20) found 
that the activity of an alkaline solution 
of beef-spleen cathepsin was not inacti- 
vated by iodacetamide and concluded 
that cathepsin is “not a proteinase of 
the papain type,” that is, a sulfhydryl 
enzyme. More recent evidence, by Hel- 
lerman and co-workers (/2) on urease 
and by Singer and Barron (27) on ade- 
nosinetriphosphatase, has proved that 
the alkylating reagents, iodacetic acid 
and iodacetamide, alone, cannot be re- 
lied upon to determine the essential role 
of the —SH groups of an enzyme. 


INHIBITION OF CATHEPTIC ACTIVITY BY 
p-CHLOROMERCURIBENZOATE 

Extensive inhibition of catheptic ac- 
tivity was obtained with relatively 
dilute concentrations of p-chloromer- 
curibenzoate (table 2). The enzymatic 
titration of the —SH groups showed 
that 0.1 micromole of p-chloromercuri- 
benzoate in pH 7.5 buffer for 2 hours 
reduced the activity of 1 mg. LSA5 91 
percent. This agreed very well with 
the stoichiometric titration with sodi- 
um iodosobenzoate, which showed that 
10 mg. LSA5 contained 1 micromole 
—SH. This correlation of the enzy- 
matic and stoichiometric titrations was 
based on the assumption that the mer- 
cury-sulfur-enzyme complex was not 
affected by the alkaline buffer. 

The reversibility of the enzyme mer- 
captide reaction was readily demon- 
strated when excess glutathione was 
added within 20 minutes after the in- 
hibitor. 

The maximum inhibition obtained 
with 20 micromoles of 3-amino-4-hy- 


droxyphenyldichlorarsine was 30 per- 
cent, and this inhibition could be com- 
pletely reversed by adding excess glu- 
tathione. The relatively large quantity 
of arsenical required for this limited 
inhibition indicated that the essential 
—SH groups of the lymphosarcoma 
cathepsin did not react extensively with 
this sulfhydryl agent. 

““IVATION OF CATHEPTIC ACTIVITY WITH 

SODIUM CYANIDE 

The proteinase activities of the 
lymphosarcoma cathepsins as measured 
by the decrease in precipitable protein 
of hemoglobin were found to be acti- 
vated by cyanide, while the tyrosine lib- 
erated in the same digests was only 
slightly increased (table 3). The opti- 
mal concentration for activation of the 
proteinase activity was 10 micromoles 
per milligram enzyme per milliliter, 
corresponding to 0.01 M cyanide. The 
activation of proteinase activity was 
enhanced by anaerobic conditions. The 
activation can probably best be ex 
plained as due to the reduction of di- 
sulfide bonds in the enzyme, since after 
treatment with cyanide the nitroprus 
side test for —SH groups became posi- 
tive. The absence of a corresponding 
increase in the amount of tyrosine colo: 
liberated may be similar to the inhibit 
ing effect of cyanide on the peptidase 
activity of papain extracts, which was 
reported by Ambros and Harteneck 
(22). 

The activation of enzymes by the re 
ducing action of cyanide has not been 
interpreted as clear-cut evidence of the 
presence of essential —SH group 
(Hellerman (2)). Bersin (7) demoi 
strated that the action of cyanide wa 
not a simple reduction, when he foun: 
that the treatment of a dithiol con 
pound with cyanide yielded one —SH 
group and a thiocyanate compoun 
The lymphosarcoma-cathepsin prepa 
rations were essentially free of heav 
metal contaminants, and therefore tl 
cyanide would not activate the enzyn 
by removing a metal inhibitor from i 
mercaptide formation. But it is po 
sible that other groups than the —S!! 





SULFHYDRYL GROUPS IN CATHEPSIN OF RAT LYMPHOSARCOMA 


TABLE 3.—Activation of lymphosarcoma cathepsin 2 by cyanide 





Pretreatment of enzyme 


Hydrolysis of hemoglobin 


Tyrosine liberated 


Concen- partie. 
tration o! 
cyanide 


Length of 


Digestion 
exposure 


period 


Aerobic 


Amount | Increase 


Micro- 
Minutes moles | Minutes 
60 0 90 
i) 5 90 54 ) Ar 
60 10 90 5 6.5 
60 20 90 67 6 
60 40 90 1. 43 ( 


Percent 


Protein nitrogen hydrolyzed 


Anaerobic Aerobic A naerobic 


Amount | Increase | Amount | Increase Amount | Increase 


Mg. Percent Mg. Percent Mg. Percent 


: 3. 42 
5.5 3. 8% 11 
8.3 40 
16.7 j 36. 
0 3E 27 


16. 37 
68. 4 
53.2 
31.5 





groups might be acted upon by the 
cyanide. 


DISCUSSION OF RESULTS 


The essential role of the substituent 
SH groups of the cathepsin of rat 
lymphosarcoma in the hydrolysis of he- 
moglobin has been best demonstrated by 
the oxidation reactions with iodine and 
sodium iodosobenzoate and by the inac- 
tivation with p-chloromercuribenzoate 
which was reversed by the addition of 
glutathione. At present, no other pro- 
tein radical is known which enters into 
these two reactions, oxidation and mer- . 
captide formation. The proteinase ac- 
tivity studied here was the result of the 
splitting of many different peptide 
bonds in the hemoglobin. It will be of 
interest to investigate the role of the 
-SH groups in the peptidase activi- 
ties of cathepsins on those synthetic pep- 
tides which have been shown by Fruton, 
Irving, and Bergman (23) and others 
(18, 24) to be activated by cysteine, 
glutathione, and ascorbic acid. The di- 
vergent results in activating and inac- 
tivating experiments with the cathep- 
sins have probably been caused by the 
different methods of preparation, which 
have not been designed to preserve the 
SH groups of the protein-enzyme. 
While in these experiment: only one 
ithepsin was studied, other iess exten- 
ve inhibitory tests have suggested that 
ie cathepsins of many normal and neo- 
astic tissues may be sulfhydryl en- 
mes. Since the cathepsins function in 
isand presumably in the synthesis 


of tissue proteins, the physiologic condi- 
tions that influence the —SH groups of 
cathepsins would control the growth of 
cells. It might be said that the most 
effective control of the activity of ca- 
thepsins and other —SH enzymes is 
provided by the oxidation-reduction po- 
tentials in the cell. These in turn are 
regulated by the pH, substrate hydro- 
gen, oxygen, various enzyme catalysts 
(such as flavo- and pyridin-ademine nu- 
cleotides), glutathione, and ascorbic 
acid. 
SUMMARY 


Purified preparations of the cathep- 
sin of the Murphy rat lymphosarcoma 
were tested with several sulfhydryl 


reagents and were found to contain 
—SH groups which were essential for 
activity. These groups were oxidized, 
and the enzymes were inhibited with 
iodine and sodium  iodosobenzoate. 
The cathepsin was also reversibly in- 
activated by p-chloromercuribenzoic 
acid. The quantity of p-chloromercuri- 
benzoic acid needed for complete in- 
activation of the cathepsin was closely 
correlated with the total quantity of 
—SH groups found by chemical titra- 
tion of the c»thepsin with sodium iodo- 
sobenzoate after denaturation with 
guanidine hydrochloride. The —SH 
groups essential for catheptic activity 
did not combine extensively with 3- 
amino - + - hydroxyphenyldichlorarsine 
hydrochloride or readily with the alky- 
lating reagent, iodacetamide. The 
cathepsin was activated with sodium 
cvanide. 
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INTRODUCTION 


Several authors have studied the ef- 
fect that the level of the protein intake 
has on wound healing. Clark (7) re- 
ported evidence that maintenance on a 
high protein intake increases the rate 
of closure of skin wounds in the dog. 
Harvey and Howes (2) asserted that 
maintenance on a high protein diet in- 
creases the rate of wound healing as 
measured by the increase in tensile 
strength of the union. This conten- 
tion is also supported by the evidence 
of Thompson, Ravdin, and Frank () 
that a reduction of only 15 percent in 
plasma protein may lead to a moderate 
delay in wound healing, whereas a re- 
duction of 25 percent is sufficient to 
cause very serious delay or complete 
failure. 

For the movement and growth of the 
epithelial tissue in the closure of 
wounds, a sound bed of granulation 
tissue is essential: and it is quite obvi- 
ous that the growth of all tissues con- 
cerned is dependent on their nutri- 
tional supply, which in the higher or- 
vanisms Is furnished through the blood 
stream. It therefore follows that a 
study of the repair of the blood supply 
following trauma, if it could be made 
juantitative, might be expected to serve 
is a criterion of the basic process in 
tissue repair. 

While the importance of such a eri- 
erion is realized, and studies along this 
ine have been attempted, they “have 
failed to give at one and the same time 

dynamic picture, both morphologic 
nd quantitative, of the progress of re- 
air in the traumatized vascular bed. 
lo illustrate, Hughes and Dunn (4) 
resented a method for the quantitative 
tudy of vascular regeneration in exper- 

nental wounds, using injection meth- 
ds, together with the ordinary patho- 

zie techniques. This method, while a 


step forward, is limited on the side of 
morphology to static pictures of a series 
of discontinuous stages obtained from 
different animals killed at various inter- 
vals and cannot give a quantitative dem- 
onstration of the in vivo fluctuations 
of the vascular bed during the repair 
process. It can only roughly deline- 
ate the rate of progress of the vascular 
network into the damaged area and 
would be quite inadequate for dealing 
with a condition in which the vascular 
tissue is damaged but not eliminated. 
Nor can it appraise quantitatively a dif- 
ference between the vascular beds of the 
undisturbed and the newly repaired 
areas of tissue once the vessels in these 
are conjoined. 

The present authors had previously 
developed methods which it seemed 


would enable them to follow visually 


the processes of repair in vivo, and 
method which made it possible to ascer- 
tain the ratios of tissues in any area and 
to compare them with the like ratios in 
adjacent areas. 

The problem as the authors saw it 
was, therefore, by use of these methods 
to ascertain in vivo the effect of the 
protein level in the diet on vascular 
repair. 


MATERIALS AND METHODS 


The animals used were adult male 
strain C mice + to 6 months of age 
weighing approximately 25 gm. each. 
All mice were caged separately, and a 
record was kept for each mouse, of food 
intake and fluctuations in weight for at 
least 3 weeks prior to as well as during 
the period of experiment. Before 
wounding, weights were recorded twice 
a week; but during the period of heal- 
ing all animals were weighed before 
and after each observation. 

The diets used are given in table 
They are designated low protein, nor- 
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mal,’ and high protein and are so re- 
ferred to henceforth. Lactalbumin 
was used as a source of protein because 
of its high biologic value in regenera- 
tion of serum protein. The lowest level 
(7 percent) of lactalbumin was selected 
as a minimum as it will barely maintain 
body weight. The 14-percent level was 
considered normal, Sixty percent was 
arbitrarily set for the high-level diet. 
No data were available to determine the 
maximum percentage of protein upon 
which the mice would thrive. How- 
ever, animals fed at this level for 3 
months or more did not appear to thrive 
so well as those fed this high-protein 
diet for only a few weeks. 

The general plan of the experiment 
was as follows: The animal selected for 
experiment was anesthetized, and then 
a transparent chamber was inserted in 
a flap of skin. The operation was sub- 
stantially that described by Algire (4). 
The resultant chamber is shown in fig- 
ure 1. 

At the time of operation and just 
prior to the insertion of the chamber, 
a wound was made in the area that sub- 
sequently lay within the chamber, as 
follows: In the exposed subdermal tis- 


‘The term “normal” as used herein refers to the 
diet containing 14 percent protein. 


TABLE 1.—Composition of diets 





Constituents 
Low pro- : , High 
tein Normal | protein 


Percent Percent Percent 
Lactalbumin ! 7.0 14.0 60. ( 
Cerelose (corn dextrose) 61.0 54.0 8. ( 
Lard 10.0 10.0 10.4 
Corn oil 10.0 10.0 10. ( 
W heat-germ oil 5 5 
Cod-liver oil 2.0 2.0 
Salt mixture (15a) ? 4.0 4.0 
Choline hydrochloride 5 -5 
Ryzamin B 4.0 4.0 
Dextrose containing 1 mg 
riboflavin 1.0 .0 





! Borden technical grade 
2 See Morris and Robertson (6). 


sue,? an area was selected that was free 
from large vessels. An impression was 
made in this area by light pressure with 
a hollow circular punch 3 mm. in diame- 
ter. Then under a dissecting micro- 
scope, the disk of tissue thus outlined 
was carefully excised by use of iridec- 
tomy knives and jewelers’ forceps. The 
incision was made so that the disk of 
tissue removed consisted only of super- 
ficial fascia, underlying muscle layer, 

? The order of the tissues is of course reversed 
from that seen in a wound made by passing through 
the epidermis from without, i. e., from upper to 
lower layer, superficial fascia, muscle, connective 


and adipose tissues containing hair follicles, and 
epithelium, 


Figure 1.—Transparent chamber in place in a dorsal skin flap in the mouse. Arrow indicates 
the site of the wound. 
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nd a portion of the subcutaneous adi- 
ose and connective tissues, thus provid- 
ig an aseptic wound still protected by 
\e epidermis, and one in which the vas- 
ilar structures were fully exposed for 
bservation and measurement. Great 
ire Was exercised not to interfere with 
1e epidermis or hair follicles. 
Immediately after operation (except 
; noted hereafter), measurements were 
ade of the relative level of vascular 
ssue (in terms of volume percentage of 
ie total tissue observed) both in the 
ound and in the surrounding connec- 
ve tissue. The method used was that 
escribed by Chalkley (7). 
Such measurements were made daily 
iereafter * (except Sundays) until the 
termination of the experiment. 
A considerable number of measure- 
ents were made of normal tissue in 
ich chambers before regular experi- 
entation was started in order to test 
ie degree of reproducibility of the 
neasurements. The results, given in 
igure 2, show excellent consistency. A 
In this method, a microscope fitted with an 
epiece arranged to show a fixed pattern of points 
the focal plane is used. Repeated presentation 
this pattern to the tissue is made, and the visual 
ontacts of the points with the tissue to be meas 
red are recorded. The ratio between the number 
of contacts with the tissue measured and the total 
chances of contact in the volume covered is directly 
proportional to the volume ratios between the tissue 
and that total volume. The absolute volume values 
1 not needed. 
‘The times of operation were so selected that 


no known crucial stage in the repair process would 
be expected to occur on a Sunday 


statistical study Was made of some data 
accumulated during the progress of the 
research, which showed that the average 
standard deviation for single values is 
approximately 10 percent of the mean 
for the range of values from 10 to 60 
percent. In all experiments, at least 
125 observations (giving 500 possible 
hits) were made to establish a single re- 
corded value. The time necessary was 
about 5 minutes. 

Photographs of the chamber as a 
whole at 10 X magnification and of the 
wound area at 35 X were made at fairly 
regular intervals. In making them, 
care Was exercised to include the stages 
of the repair curve where experience in- 
dicated that marked changes in the be- 
havior of the tissues were to be expected 
(i. e., the end of the latent period and 
the point of stabilization). 

Plots were made on which from day 
to day the changes in the vascular levels 
in the individual wounds and the sur- 
rounding tissues were recorded. In 
these wounds there were noted the time 
of appearance of new tips (capillary 
sprouts) and the onset and complete gel- 
ation of plasma in the wound area. 


EXPERIMENTAL PROCEDURE 


The experiment was designed to an- 
swer the following questions: (1) Do 
5 For a detailed morphologic description of the 


repair process as observed in the chamber, see 
Algire and Chalkley (8) 
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Ficure 2.—Reproducibility of the measurements of the 
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vascular bed in connective tissue. 
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wounds of the type used restore their 
vascular bed more rapidly in animals 
maintained on a diet containing a high- 
protein content than similar wounds in 
animals on a diet containing a low per- 
centage of protein, or than those in ani- 
mals on a diet containing an intermedi- 
ate (normal) percentage of protein? 
(2) If positive results are obtained, can 
they be obtained also with large in- 
creases in the protein intake immedi- 
ately subsequent to infliction of the 
wound ? 

Preliminary experiments were car- 
ried out to obtain criteria for determin- 
ing whether a particular wound should 
be included in the composite data. It 
was found that infection, excessive dam- 
age to the tissues during opel ration, 
post-operative hemorrhage, accidental 
inclusion of air bubbles, and intercur- 
rent diseases were all factors that 
tended to delay vascular repair and 


therefore interfered with proper evalu- 
ation of the factors under consideration. 
The animals in which any of these dis- 
turbing conditions appeared were hence 


excluded from consideration. 

The first experiment includes the re- 
sults obtained with six mice fed the nor- 
mal diet. 

In figure 3, the average values ob- 
tained for the measurements of func- 
tional (i. e., undamaged) and also of to- 
tal vascular tissue in the wound 
throughout the experimental period, to- 
gether with values from the vascular 
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Figure 3.—Changes in the vascular bed dur- 
ing wound healing in mice fed a 14-percent 
protein diet prior to and throughout the 
experiments (averages for 6 mice). 


level in the surrounding uninjured ti 
sues are shown as plotted against tl 
time in days after the operation at ze: 
time. In the graphs depicting the va 
cular changes in wounds, the ordinat 
values are shown as percentages of t] 
average value of all the measuremen: 
made on connective tissue througho 
the experiments. This method w: 
adopted to secure a basis for comparis« 
of allexperiments. (In the graph shov 
ing reproducibility, however, the ord 
nates are the actual values in hits « 
connective tissue, i. e., in volume pe 
centage.) Also noted on this figure 
the day when on an average new vase 
lar tips were first definitely noted 
the wound area. The intersection of the 
curve for the regenerating bed and th: 
for the normal surrounding tissue 
this as in all other experiments is tak 
to indicate the time of completion of 
vascular repair. In this instance it was 
9.8 days after operation. New tips were 
first seen on the sixth day. 

In this and all other experiments here 
reported, a definite increase in active 
vascular bed was evident and measura- 
ble before definite new tips were seen. 
Close observation has convinced us that 
part of this is due to reactivation of 
nonfunctional tissue. However, ne 
ther in the wounds shown in figure 
nor in those shown subsequently, is tl 
reactivation (decline of nonfunctional 
tissue) sufficient to account for the whole 
of the rise in vascular bed that occurred 
before new tips were formed. Thie 
course of this rise in vascular bed prior 
to the formation of new tips is shown 
in figures 3-7 (collectively in fig. %). 
Calculations were made of this excess 
vascular bed as follows: Taking the to- 
tal percentages of first functional a 
second nonfunctional vascular tissue 
of the first day as a base, we find | 
that the increase in this percentage 
functional tissue at any given later ti: 
is the percentage at that time less 1 
original (first day) percentage of fw 
tional tissue, and (2) that the perce: 
age of recovered nonfunctional tiss 
at any given time, is the percentage 
nonfunctional tissue of the first day | ~s 
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-Changes in the vascular bed dur- 
ing wound healing in mice fed a high-pro- 
tein diet for a short time (15 days) prior 
to experiment and maintained on that diet 
throughout the experiment (averages for 
6 mice). 
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GURE 5.—Changes in the vascular bed dur- 
ng wound healing in mice fed the normal 
diet up to the time of wounding and then 
transferred to and maintained on the high- 
protein diet for the remainder of the ex- 
perimental period (averages for 6 mice). 





uRE 6.—Changes in the vascular bed dur- 
ng wound healing in mice fed the high- 
rotein diet for an average of 45 days prior 
» wounding and maintained on that diet 
hroughout the experiment (averages for 5 
ce). 
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Figure 7.—Changes in the vascular 
ing wound healing in mice fed the low- 
protein diet prior to and throughout the 
experiment (averages for 6 mice). 


bed dur- 


the nonfunctional tissue at the given 
time. A difference between (1) and 
(2) where (1) is the larger must mean 
that more tissue is present than can be 
accounted for by the recovery from 
damage. For the purposes of this re- 
port, we have designated this excess 
“increase by hypertrophy” when un- 
accompanied by the formation of new 
tips, i. e., when it occurred before the 
appearance of new tips. This may be 
expressed as 
(a—a,) —(b,—}) 

where 


a, is functional tissue on the first day: 

b, is nonfunctional tissue on the first 
day; 

a is functional tissue on any 
day; 

b is nonfunctional tissue on any given 
day. 


given 


Further consideration of this point is 
given in the discussion. 

In the second experiment, 
were used. They were fed the high-pro- 
tein diet 11 to 19 days (average 15.5 
days) before the operation. The results 
are shown in figure 4. The intersection 
of wound and normal curves occurred 
on the average 9.4 days after the oper- 
ation, and new tips appeared on the 
sixth day. 

The third experiment includes the re- 
sults obtained with six mice fed the nor- 
mal diet until the day of operation and 
changed subsequent to the operation to 


six mice 
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8.—Wound area. A, Immediately after operation. Note absence of vessels in 


area. B, Same area, 6 days later. 
new vascular tips but showing looped convoluted vessels. 


Note newly developing vascular bed with absence 
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the high-protein diet and maintained 
thereon for the remainder of the experi- 
ment. The curves (fig. 5) show that 
on the average vascular repair was com- 
pleted at 9.1 days and that new tips 
were seen 6.5 days after the operation. 

For the fourth experiment, the curves 
are based on the results of measurements 
on five mice fed for 24 to 55 days (aver- 
age 45) prior to operation on the high- 
protein diet and kept on that diet to the 
end of the experimental period. These 
curves (fig. 6) show that the average 
time of completion of vascular repair 
was delayed until the sixteenth day (cf. 
experiments 1,2, and 3) and for the ap- 
pearance of new tips until 8.4 days after 
operation. 

The fifth and final experimental se- 
ries is based on six mice fed the low- 
protein diet for an average of 25 days 
before operation and throughout the pe- 
riod after operation. The curves (fig. 


7) show that the average time to com- 
pletion of vascular repair in these ani- 
mals was also delayed, being 14.7 days, 
and that new tips were not seen until 
7.7 days after operation. 


As previously noted and shown on the 
figures, there was apparent in all ex- 
periments a very definite increase in 
the vascular bed in all wounds prior to 
the appearance of new vascular tips. It 
was noted that while definite new vas- 
ular tips were not seen, looped or con- 
voluted vessels did make their appear- 
ince in the wound area (fig. 8). Their 
significance is dealt with in the discus- 
ion. Examination of the individual 
lata indicated that there was a correla- 
tion between the average percentage of 
ascular bed thus restored in the several 
experiments and the time when solidifi- 
ation of the exudate into the wound 
rea took place. This type of rise in 
vascular bed had been noted occasion- 
lly during the course of certain of the 
experiments, but it was only after the 
final assembling of all quantitative data 
hat the relation between the factors 
mentioned became strikingly apparent. 
The average extent and progress of this 
ype of replacement of vascular bed in 
ie five sets of experimental animals is 
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Figure 9.—Changes (for all series) in the 
increase in the vascular bed which resulted 
from hypertrophy, as defined in the text. 


shown in figure 9. The values for the 
ordinates in these curves represent the 
volume of the replaced vascular bed (in 
terms of percent of the average normal 
vascular bed taken as 100) that is not 
accounted for by assuming that all in- 
active vascular tissue left after opera- 
tion in the wound area was subsequently 
activated. These curves are all plotted 
to the day on which new tips were seen. 

From this graph and those preceding, 
the major values pertinent to the evalu- 
ation of the data obtained were ex- 
tracted and are given in table 2. 

It is apparent in table 2 that, with the 
exception of experiment 3, hypertrophy 
replaced in the neighborhood of 30 per- 
cent of the original vascular bed. In 
experiment 3 it accounted for 49 per- 
cent. In experiments 4 and 5 clotting 
of the exudate, the appearance of new 
tips, and complete restoration of vas- 
cular bed to the average level in the sur- 
rounding undamaged tissue was greatly 
delayed. There is evident a division of 
the results into two groups: those for 
experiments 1, 2. and 3, as contrasted 
with those for experiments 4 and 5. 
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TaBie 2.—Effects of level of dietary protein 


on vascular repair 





Day of 
complete 
vascular 

repair 


hyper- 


by 
trophy 


S Z 
4 L 
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x > 
A £ 


Increase 


Normal 
High protein for 

short term 
Normal changed to 

high at wound- 

ing 5. 7.9) 6.% 49) 9.1) 7 
High protein for 

long term >14 > 28) 16. 0}? 12-2 
Low protein 10.7 >14. : 28) 14. 7/2 11-2 





In experiments where the sign > is used, most of the 
wounds of the animals did not clot during the experiments. 
2 In some wounds, the vascular levels did not reach normal 
during the experiment. These were therefore indeterminate 
as to healing time but were taken as healed at 20 days for 
calculation. 


The changes in average weights 
throughout the experimental period in 
each of the groups is shown in figure 10. 
There was no significant fluctuation in 
weights before operation in any experi- 
ment. Following operation, in all there 
was a rapid loss of weight that persisted 
from 2 to 6 days. This loss was prob- 
ably the result of operational shock in 
wounding. Animals showing the least 
loss of weight after operation (experi- 
ments 1 and 3) had on the average a 
short healing time; those showing a 
greater loss of weight after operation 


ia ae 
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Changes in average weights in mice on the different diets during the experiments 


(experiments # and 5) had a greatly 
delayed healing; the mice in experiment 
2 showed the greatest loss in weight but 
a healing time not significantly longe1 
than that of the animals in experiments 
land 3. It therefore appears that little 
if any correlation existed between the 
weight fluctuations after operation and 
the time for vascular repair of the 
wounds, 
DISCUSSION 


The method of measurement of the 
developing vascular bed has been thor- 
oughly tested (7) and can be relied upon 
to give results reproducible within 5 
percent. The curves of regrowth of the 
bed area are sigmoid, as would be ex 
pected, in general with the average leve| 
of the bed in the surrounding undam- 
aged tissue as the upper asymptote. A 
test of fit to a logistic curve gives a 
fairly linear relation for the norma! 
curves; but as before stated, analyses of 
this sort were not made, since the num 
ber of animals seemed too small. 

The clean-cut differences, shown be 
tween the animals of experiments 4 and 
5, as compared with those of expéri 
ments 1, 2, and 3 are considered to be 
highly significant and appear so on “t 
test for difference in means. These dif 
ferences were evident in respect to tim 
of clotting of exudate, time of appea 
ance of new tips, and time of complet 
vascular repair. The results on tim 
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of vascular repair are also in agreement 
with the observations of Morris, Dub- 
nik, and Dunn (9%) on the effect of the 
level of protein intake on the healing 
time of wounds in the rat. Inspection 
if the growth curves also shows differ- 
mees in rate of vascular repair, as evi- 
lenced by the general form of the 
urves. In all respects the animals of 
‘xperiments 4 and 5 showed marked 
lelay. It would therefore seem that 
both a low-protein diet (experiment 4) 
ind a high-protein diet continued for a 
relatively long period (experiment D) 
exert a deleterious effect on the healing 
process insofar as the restoration of a 
normal vascular bed is concerned. 
The shortest average time for restor- 
ition of the bed was that found for 
experiment 3. While the difference in 
this experiment is not sufficient to show 
i. conclusive advantage, the fact that the 
‘lotting of the exudate occurred earli- 
est and that the animals in this experi- 
nent showed the greatest percentage 
restoration of the bed before new-tip 
formation may indicate that the slight 
betterment shown in the values obtained 
s real and not merely a sampling error. 
Perhaps the most interesting finding 
s the thoroughly well established oc- 
urrence common to all animals, of the 
partial restoration of the vascular bed 
prior to the new vascular tip formation 
n the wound area. From table 2 it ap- 
pears that as much as 49 percent of the 
iew bed may be thus restored. 
The manner in which this restoration 
s accomplished is not perfectly clear, 
but observation indicates that probably 
it least three factors contribute: (1) 
Some part of the damaged vessels ren- 
lered static by injury due to the opera- 
tion regains an active role; (2) dilation 
of these reactivated vessels serves to in- 
rease the volume of the bed; and (3) 
here appears to be an increase in the 
ength of these and possibly also of 
‘latively uninjured vessels into the 
wound area, as shown in figure 8, A and 
?, This last-mentioned process has, as 
ir as the writers are aware, escaped 
otice hitherto. To what extent pro- 
feration leading to the intercalation of 


young cells into the walls of pre-exist- 
ing vessels is involved is not clear, 
but that such activity may well play a 
part in this development seems a rea- 
sonable supposition. If this be so, if 
proliferation occurred, why did not tip 
formation take place earlier‘ Allow- 
ing for full reactivation of damaged 
vessels, further proliferation of endo- 
thelium sufficient to restore some 30 per- 
cent of the original level of the vascular 
bed appears to have taken place before 
new tips were formed. How can this 
be explained / 

We suggest that the data in table 2 
on the clotting of the exudate in the 
wound area may furnish ground for an 
explanation. 

It is well-established that cells (for 
instance, in tissue culture) do not move 
out from a cell mass, a procedure that 
would be essential to tip formation, un- 
less a solid substrate is available. Prior 
to gelation by the laying down of a 
fibrin clot, such activity (1. e., the for- 
mation of endothelial strands) would 
be prevented. It seemed to us in con- 
sidering the data that if these concep- 
tions were sound, some correlation 
would appear bet ween the time at which 
clotting in the wound area became evi- 
dent and the time at which new tips 
were first seen. It is apparent in table 
2 that delayed clotting and delay in tip 
formation go hand in hand. It may 
also be pointed out that at least 28 per- 
cent of the restored bed was formed in 
all types of wounds (whether slow- or 
fast-healing) before tips appeared. If 
this level is essential or connected with 
clotting (fibrin formation), then the 
suggestion seems in order that any 
treatment that would hasten fibrin dep- 
osition in the wound area is likely to 
hasten healing. It may be that stimu- 
lation of proliferative activity is prob- 
ably of little benefit unless coupled with 
the furnishing of a fibrin network nec- 
essary for cell migration. 


SUMMARY 


Methods for the quantitative study in 
vivo of the regrowth of vascular tissue 
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in a subdermal wound in mice are pre- 
sented. 

A study in vivo was made of the ef- 
fect of different dietary levels of pro- 
tein (lactalbumin) on the rebuilding of 
the vascular bed in standardized, sub- 
dermal, excised wounds in mice. Three 


diets were used: low (7 percent) pro- 
tein, “normal” (14 percent) protein, 
and high (60 percent) protein. 

It was found that both a low-protein 
diet and a high-protein diet (if the lat- 
ter was administered for a relatively 
long period before wounding) greatly 


delayed vascularization, as compared 
with the time needed when a normal 
diet was fed. 

A change from normal to rien 
tein diet or the feeding of a high-pro- 
tein diet for a short period (15 days) 
before wounding did not delay vascu- 
larization and is possibly beneficial 
In all cases a large part (approximately 
30 to 49 percent) of the vascular bed 
was restored in the wound area before 
the appearance of new vascular tips 
The possible mechanism of this type of 
rebuilding is discussed. 
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INTRODUCTION 


The latent period of tumors induced 
ith subcutaneous injections of the 
gent of chicken tumor I (Rous (7) ) is 
function of dose and may therefore be 
sed for bioassay of the tumor agent or 
w studying host reactions to it. The 
lationship between latent period per 
and dose is nonlinear, and there is a 
igh correlation between the mean and 
ie standard deviation; it is necessary, 
therefore, to rectify the data, if modern, 
mplified, statistical methods (2,3) are 
to be employed in their analysis. In an 
earlier paper (4), it was shown that 
mversion of the latent periods to their 
reciprocals and the dosages to loga- 
rithms constitutes a satisfactory trans- 
formation of the data for this purpose. 
The present report describes a method 
for estimating the latent periods, based 
upon practical laboratory considera- 
tions and taking into account the 
changing relationship between latent 
period and its reciprocal throughout 
the course of the observation period. 


LATENT-PERIOD RESPONSE 


The development of a tumor to the 
point where it can be detected grossly 
by palpation or by inspection is a 
gradual process, and the actual time of 
its origin cannot be determined pre- 
cisely, Latent-period values given for 
tumors usually represent the time 
following inoculation at which they are 
first recorded during the course of 
routine periodic examination. The time 
of the first positive recording is not 
accepted as an estimate of the latent 
period unless subsequent recordings on 
he lesion show its progressive growth: 
this is the evidence upon which the gross 
(iagnosis of neoplasia has been based. 
Timorlike nodules which do not grow 


Health Service 


progressively should be examined his- 
tologically before being accepted as 
tumors. A more representative value of 
the actual time of origin of a tumor, if 
this were of importance, would be the 
mid-point of the interval between the 
last negative recording and the first 
positive recording. Since the value 
obtained with this and the foregoing 
procedure would differ by a constant, 
the variability of the estimated latent 
periods and their value as indicators of 
biological activity would be the same in 
both instances. If the interval between 
successive examinations changes during 
the course of the observation period, the 
time of the first positive recording does 
not represent so reliable a criterion of 
biological activity as does the mid-point 
of the interval between the last negative 
and the first positive recording. The 
mid-point of the examination interval 
is used in the method described herein 
since the interval is not constant 
throughout the observation period. 


SCHEDULE OF PERIODIC 
EXAMINATIONS 


In the earlier study of the relation- 
ship between dose and response (4), 
routine examinations were made at 
intervals of 1 day; that is, they were 
spaced equally on a straight time scale. 
lis view of the finding that the recipro- 
cal-of-time is the preferred function for 
the purpose of statistical analysis, it 
would be more desirable to have the 
periodic examinations spaced at equal 
intervals on a reciprocal-of-time scale; 
this procedure, however, is not entirely 
practical, From the relationship be- 
tween time and its rec ao ‘al (fig. 1 and 
middle scales of fig. 3), it is seen that a 
unit increment on the reciprocal scale 
corresponds to only a few hours during 
the early course of the observation 
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period? whereas toward the end of the 
period it represents a time interval of 
several days. In order to have a con- 
stant reciprocal interval which would 
vield the desired accuracy for late- 
appearing tumors, it would be necessary 
to examine the animals every few hours 
during the early course of an experi- 
ment. Such frequent examinations are 
impractical for two reasons: (1) With 
the large number of animals required 
for quantitative experiments, several 
hours might be required for the comple- 
tion of one routine examination; (2) the 
appearance of a tumor is not a sufh- 
ciently sharp reaction to permit detec- 
tion of significant differences within the 
short space of a few hours, and no 
increase in final accuracy would be ob- 
tained by carrying out routine examina- 
tions more than once (or possibly twice 
in the case of very high concentrations 
which cause a massive response) on any 
given day. 

Since it is impractical to maintain a 
constant reciprocal-of-time — interval 
during the first several days of an 
experiment, the most logical examina- 
tion procedure for this period seems to 
be that employed in earlier studies (4), 
namely, examination at 1-day intervals. 
Just how long daily examinations 
should be continued in order to obtain 
the maximum accuracy has not been 
definitely determined ; but it is obvious 
from inspection of figure 1 that they 
need not be continued throughout the 
entire observation period. Toward the 
end of the period, an interval of 1 day 
has no more influence on the final results 
than an interval of 1 or 2 hours would 
have at the beginning. The curve re- 
lating time and its reciprocal (fig. 1) 
flattens out rapidly after about the 
‘tenth day, and this point has been 
chosen arbitrarily as the limit for daily 


‘The observation period extends from the third 
or fourth to the thirty-fifth day following inocu- 
lation. No tumors have ever been observed as early 
as the third day, but they are occasionally found 
on the fourth day when very high doses of the agent 
have been used The frequency of tumors that ap 
pear after the thirty-fifth day in the test animal 
population under study (4) is so low that it may be 
neglected; and any site at which a tumor has not 
developed by this time may be considered as 
negative. 


%° Ss © 6 2 2 30 35 «0 
t— TIME IN DAYS 
Figure 1.—Relationship between time, 
days, and its reciprocal (x 100) from tl 
third to the fiftieth day of the observati: 
period. 


examinations. After this time, tl 

examinations are spaced as nearly 
equally as practical on a reciprocal-ot- 
time scale. A provisional examinati« 

schedule based upon this procedure is 
shown in table 1. This schedule ‘s 
presented as an approximation only, 
since it is sometimes desirable to alter 
it slightly to avoid examinations « 

Sundays and holidays (i. e., after th 


eighth to tenth day of an experiment 
cr to permit the overlapping of the 
schedules of different experiments wit 
out conflict of their examination days. 


TABLE 1.—Schedule of routine eraminations 
for quantitative estimation of the latent 
period 
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DOSE IN LOG GRAMS 
iGuURE 2.—Comparison of results obtained 
With examinations at 1-day intervals (open 
circles and broken line) and with the 
examination schedule of table 1 (approxi- 
mate) (closed circles and solid line). 


Experiments carried out with ap- 
roximately the same examination 
‘hedule as that shown in table 1 gave 
sentially the same results as those 
reviously published (4): the relation- 
ip between mean reciprocal and 
warithm of dose remained linear, and 
here was no appreciable difference in 
the over-all variability of the results of 
experiments carried out under labora- 
tory conditions otherwise similar. F'ig- 
ure 2 and table 2 show some results 
obtained by means of the present exam- 

ation schedule (table 1) in comparison 
vith those previously obtained on a 
schedule of daily examinations. The 
recorded data were reanalyzed for the 
present purpose. The difference be- 
tween the relative positions of the two 
curves of figure 2, as well as between the 
experimental mean responses (Y’s) of 


TABLE 2. 


LATENT PERIOD 


table 2, was to be expected since the in- 
terval limits were taken as estimates of 
the latent periods in ene case while in 
the other the interval means were used. 
Such differences are simply a function 
of the experimental procedure, however, 
and do not contribute to the variability 
of results so long as the experimental 
procedure is constant. The slopes of the 
dose-response curves obtained by the 
two examination procedures are practi- 
cally identical, and the differences 
between the other statistics (table 2) 
are no greater than those obtained 
among the different experiments of a 
series (4) carried out with a common 
examination technique. The  differ- 
ences between compared variances im 
the first two dose-group columns (table 
2) were due almost entirely to a shift 
from the interval limit to the interval 
mean in estimating the latent period; 
most of the tumors had appeared before 
the tenth day in these dose groups, and 
the interval between examinations (1 
day) was the same for both schedules 
up to this time. 

The chief advantage gained by use of 
the examination schedule in table 1 
lies, not in the expectation of a greater 
inherent precision of the biological 
results, but in the considerable saving in 
both time and labor, which it makes 
possible by the elimination of unneces- 


Comparison of data obtained with the examinations at 1-day intervals throughout the 


observation period and the examination schedule of table 1 





Dose group 


log grams per inoculum 


Schedule of examination 
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Variance of chickens 
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Figure 3.—Alignment chart for estimating the latent period and its reciprocal (xX 100) frou 
the recorded results of routine periodic examinations. (See text.) 





ESTIMATION OF LATENT PERIOD 


sary and unprofitable routine examina- 
tions. 


ALIGNMENT CHART FOR ESTIMATING 
LATENT PERIODS AND THEIR RE- 
CIPROCALS (x 100) 

An alignment chart which facilitates 
the estimation of latent periods and 
their reciprocals (100) is given in 
figure 3. <A straight edge connecting 
the appropriate interval limits given 
iiong the left and right outside scales 
will cut the scales along the middle line 
at a point which indicates the corre- 
sponding latent period (right) and 
reciprocal (100) (left). 


SUMMARY 


A method is presented for the quanti- 
tative estimation of latent periods of 
tumors induced with the agent of 
chicken tumor I. Technical and biologi- 
cal limitations, as well as theoretically 
desirable procedures, were taken into 
consideration in planning a suggested 
schedule of routine periodic examina- 
tions for determining the time of 
appearance of tumors. An alignment 


chart is given which facilitates the 
determination of latent periods and 
their reciprocals (which are used for the 
purpose of statistical analysis). 
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